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FE&REWORD

This report contains a complete engineering and programming description
for the revised 12/73 version of the Two-Dimensional Kinetic Nozzle Analysis
Computer Program, TDK, developed by Ultras?stems, Inc. (formerly Dynamic
Science), Irvine, California. Revision of the TDK Computer Program was per-
formed under Contract Numbers NAS9-10391 and NAS9-12652. The work per-
formed was monitored by the NASA Manned Spacecraft Center, Houston, Texas.

The TDK Computer Program is one of a set of five computer programs
selected in 1967 by the Joint Army, Navy, Air Force (JANNAF, formerly ICRPG)
Liquid Rocket Performance Committec for the purpose of establishing a reference
procedure for the calculation of liquid propellant rocket engine performance.
These five JANNAF reference computer programs, described in References 1

through 5, are:

ODE One-Dimensional Equlhbnum Nozzle Analysis Computer
Program

ODK Onc-Dimenciconal Xinctic Nozzle Analysis C*mpu;er Program

TBL Turbulent Boundary Layer Nozzle Analysis Computer Program

TDE Two-Dimensional Equilibrium Nozzle Analysis Computer
‘Program

TDK Two-Dimensional Kinetic Nozzle Analysis Computer Program

Each of the above computer programs was selected as representing the best
computer program of its type available for distribution. The reference procedure
which utilizes the above computer programs is given in the Liquid Propellant
Thrust Chambcr Performance Evaluation Manual, Reference 6.

A further program called MABL was developed in 1971 for the purpose
of computing boundary layer performance losses in nozzles having mass '
addition. The MABL program is xjestricted to HZ/OZ systems or ideal gas

systems and is described in Reference 7.
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Experience with the above computer programs has led to a revised
version of the TDK computer program as described in this document. This
revised program contains the ODE and ODK programs (also substantially
revised) as subprograms, thus eliminating the need for separate program
decks and documents for ODE and ODK.

The major improvements incorporated in the revised TDK program
under contract NAS3-10391 are listed below:

1) The ODE and ODK computer programs have been incorporated
into TDK and are used to perform calculations required by the
analysis. All calculational options of ODE and ODK have been
retained so that these programs are a subset of TDK.

2) Updated JANNAF thermodynamic data has been supplied with
the program in curve fit form for 415 chemical species. This
data is completely compatible with the ODE version of the
NASA Lewis Chemical Equilibrium Computer Program.

3) An input processor is used which allows chemical reactions

- 'to be input written in standard reaction form. A consequence
of this scheme is that chemical reactions can be added or
deleted simply by the addition or deletion of a single input
card per reaction.

4) The number of chemical species considered per case by the
program has been expanded from 19 to 40 and the number of
reactions from 48 to 150.

5) The maximum number of points allowed along a left running
characteristic (i.e. gas streamlines) has been increased from
60 to 151.

6) A convenient scheme for inputting and identifying third-body
efficiencies has been included in the program.

7) The program is capable of analyzing chemical reactions of
two ceneral types: those which involve third body efficiencies
and those which do not. Up to 10 species and 10 products
per reaction are allowed.

8) An option has been added to TDK to allow the calculatlons to
be continued to the exit plane of the nozzle,

9) The TDK program has been modified so that as many as 50 axially
symmetric zones, each at a distinct mixture ratio, may be treated,
thus providing a method of estimating the effect of flow striations
on nozzle performance.



10)

11)

12)

13)

14)

15)

16)

The TDK program has been modified so as to be able to calculate
expansions where the downstream throat radius of curvature is
arbitrarily small.

The transonic calculation used by TDK has been replaced by a
method which gives valid results for throat geometries where

the upstream radius of curvature is small. It is believed that
values as small as R/r* = ,5 may be used without introducing
significant error into the calculation of nozzle performance. This
analysis, which is described in detail in Reference 18, has been
derived for the purpose of estimating transonic properties for
striated flow.

TDK has been modified to provide input parameters corresponding
to the variable properties option of the TBL computer program.
The TDK program will alsc output on option free stream fluid
properties sufficient for total specification of the wall boundary
layer edge conditions.

TDK has been modified to punch the method of characteristics
initial start line in a form accepted as input for the input TDK
initial line option. ’

TDK has been modified to run an ideal gas (constant gamma per
zone) transonic and method of characteristics calculations.

Numerous changes in the details of the TDK calculations have
been carried out. Check calculations for energy and continuity
have been added to the computer output.

TDK has been modified to run a two-dimensional expansion, using
for each zone, tables of Cp, R, kinetic coupling terms AA and BB,
(as functions of temperature) generated from the one dimensional
expansions.

The major improvements incorporated in the revised TDK program under
Contract NAS9-12652 are listed below:

1)

The TDK program has been modified to allow calculations to be
made for engines whose nozzles have small ( < .5) downstream
radius of curvature resulting in rapid expansion of the exhaust
gases. In previous versions the program problems have occurred
for this case, particularly when the exhaust is near chemical
equilibrium,
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2)

3)

4)

5)

6)

7)

8)

9)

The ODE program has been replaced by the chemical equilibrium
program described in NASA SP-273, Reference 9.

The ODE program has been modified to include an option for

printing all metric or all engineering units, and the number of
supersonic pressure ratios and/or area ratios selected for print
has been increased from thirteen to fifty.

Input to TDK has been revised to allow adequate interface with
the Distributed Energy Release (DER) computer program, de-
scribed in Reference 10.

The Engineering and Programming Manual for the TDK computer
program (i.e., this volume) has been revised with special
emphasis placed on the Program User's Manual, Section 6.
This revised document reflects modifications made under the
contract plus additional explanation of all available options to
the program, detailed description of all input parameters along
with maximum or minimum values for each parameter and re-
commended values where none exist.

An error diagnostic sub-section has been added to the
manual (Section 8).

TDK has been modified to allow mass flowrate to be input directly

and chamber stagnation presswe Ccaicuiated. The input is structured
so that the mass flow can be apportioned among streamtubes to pro-
perly account for the pressure and mixture ratio effects in the multiple
zone case,

The TDK program has been modified to permit two dimensional calcu-
lations to be performed under conditions of equilibrium chemistry.
This new option of the program is called TDE. Paragraph 7) above,
also applies to the TDE option. Results for this option have been
compared against exact answers for source flow. The TDE option
has been programmed to punch inviscid flow conditions for the
JANNAF nozzle wall boundary layer computer programs.

The computer program has been modified to input and output with SI
(Standard International) units,

Because the ODE program is contained within TDK, liberal use has

been made of Reference 9. Excerpts from this document have been utilized .

in an attempt to document the ODE computer code contained in TDK. The

authors would like to express their appreciation to Dr. Sanford Gordon,
Dr. David Bittker, and Mrs. Bonnie McBride of the NASA Lewis Research
Center for their assistance in providing the updated ODE program used

in TDK.



Mr. Ronald Kahl of the NASA Manned Spacecraft Center as contract
monitor, has been especially helpful and patient in providing overall
guidance and direction to the project as well as Univac 1108 computer time.
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NOMENCIATURE

Nozzle area ratio, also reaction rate parameter

th

Gram atoms of the k~ element {n the 1th species

Adiabatic heat add{tion term linking fluld dynamlc
and relaxation processes, also total mass reactant in ODE
Reactlon rate parameter

Energy exchange term linking fluid dynamic and
relaxation processes

Specles mass fraction

Thrust coefficlent

Frozen heat capacity
Equllibrium heat cépaclty
Characteristic exhaust velocity

th

Heat capacity per mole of i species/R

Derlvative
Free energy, also function defined by Equation (2.5-5)
Free energy per mole of ith species/R

Function defined by Equation (2.5-6)

Enthalpy, also integration Increment '
Total enthalpy, also function defined by Equation (2,5-7)
" Heat of formation

h

Enthalpy per mole of it species/RT

Specific Impulse

‘Variable Increment, also reaction rate parameter
Equllibrium constant

Reactlon rate ratlo

Molecular welight

Mach number, also third bedy reaction term

‘Reaction rate parameter, also summaticn or iteration
Index
th

Moles of 1" species

Average equllibrium pressure expansion coefficient
Pressure
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NOMENCLATURE (continued)

Radial distance coordinate, from axis
Nozzle throat radius

CGas constant

Nozzle wall radius of curvature at throat

- Universal gas constant

Entropy, also summeation term
Entropy per mole of yth species/R

Temperature
Velocity in x-direction
Velocity in r-direction

Veloclity

Axial distance coordinate, from throat
Dependent variable

Slipline height

Mach angle, angle betwcen streamline and Mach
line characteristics ‘

Partial derivative, d fl/ax
Partial derlvative, d fl/a Y

Frozen heat capsclty ratio
Equilibrium heat capacity ratlo
Incremental error

Kronecker delta

Area ratlo

Denslity

Nozzle cone angle

Net specles prod_uctlon rate

" Refers to chamber conditlons

Refers to ith specles or equatlon
Refers to jth reactlon or variable
Refers to reference conditions

Refers to throat conditions or sonic conditions

xii



1. INTRODUCTION

The Two-Dimensional Kinetic Nozzle Analysis Computer Program (TDK)
described in this report has been developed for performing reference liquid
propellant rocket engine performance calculations. The TDK Computer Program
calculates the inviscid two-dimensional nonequilibrium expansion of gaseous
propellant exhaust mixtures through rocket exhaust nozzles. Systems of
large size can be considered by the program as is indicated by Table 1-1 which
gives key maximum dimensions for the program.

The basic method of analysis used by TDK is the method of characteristics.
The program constructs a finite-difference mesh by tracing gas streamlines and
left running characteristic surfaces. The method of characteristics calculation
is capable of considering striations (as many as 50) in the flow. Striated regions
are separated by slipline conditions, i.e. adjacent streamlines with matched
pressure and gas streamline angle, but at different mixture ratio, temperature,
etc. In the present version of TDK mixing between siriated zones, is not con-
sidered. The initial data line required to start the characteristic calculations
can either be input or be calculated by the progra‘m using a transonic analysis
provided for this purpose. The characteristic equations governing the fluid dynamic
variables are integrated using a second order (modified Euler) explicit integration
method while the chemical relaxation equations are integrated using a first order
implicit integration method to insure numerical stability in near equilibrium flows.'

The TDK Computer Program is designed for engineering use and is specified
and programmed in a straight forward manner to facilitate its application. The
FORTRAN 1V programming language has been used in an attempt to make the compute
program as machine independent as possible. A complete engineering and pro~ |
gramming description of the TDK Computer Program is contained in this report.

Section 2 of this report contains a description of the methods of analysis
used in the computer program.
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Section 3 contains a description of the numerical methods used to
integrate the fluid dynamic and chemical relaxation equations in the com-
puter program.

Section 4 contains a description of the program overlay structure.

Section 5 contains a detailed engineering and programming description
of the program logic and the calculations performed in the computer program.

Section 6 contains a program user's manual describing the use of the
computer program with an explanation of the program input and output.

Section 7 contains input and output for a sample case using the TDK
option of the program.
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CTABLE 1-1. MAXIMUM DIMENSIONS FOR TDK

Number of defined elements provided 7 102
" Number of possible species per case | 40
Number of specieé in the MastervTherm‘odynamic' Data File 415
Number of possible reactions 150
Number of possible reactions with implied third body 50
Number of reactants per reaction 10
Number of products per reaction 10
Maximum stoichiometric coefficient total | 600
Number of possible third body efficiencies to be considered- 2000
Maximum numbér of streamlines (i.e. mesh points per left ~ 151

running characteristic)

Maximum number of'zones (i.e. striations) : . 50



2., ANALYSIS

The TbK Computer Program has been written for the purpose of evaluating
two dimensional effects on the performance of liquid propellant exhaust nozzles.
An important feature of the TDK program is its ability to consider nonequilibrium
chemical processes. The basic method of anafysis used by TDK is the method
of characteristics. The program constructs a finite~difference mesh by tracing
gas streamlines and left running characteristic surfaces. The mesh points are
located at the intersections of these surfaces.

In order to start the method of characteristics calculation, it is necessary
to approximate an initial data line across the nozzle throat. This initial data
line must be supersonic and must be compatible with the mesh construction
methods used by TDK. The calculations performed by TDK to generate this initial
data line are carried out in‘two stages. First chemical information is computed
by use of the ODK Computer Program. Using ODK, a one dimensional nonequilibriun
calculation is performed beginning at the converging section of the nozzle and

- ending at an axial station located beyond the throat plane. In this calculation

pressure defined relations are used to integrate the”differential equations for a

one dimengicnal strcamtube. This pressure profile is obtained by computing an
average value of expansion coefficient based on a chemical equilibriﬁm gas compo-
sition at the nozzle chamber and throat. Pressure and its axial derivative are then
obtained for the exact prescribed inlet geometry from the relations for isentropic
expansion. Once the pressure profile has been determined the one dimensional
nonequilibrium flow relations are integrated starting with an equilibrium calculation
obtained at the thrust chamber contraction ratio. The advantage of using the
pressure defined boundary condition is that the differential equations are not
singular at Mach one so that no difficulties are encountered when integrating througt
the nozzle throat region. The throat (minimum area) occurs when the product of
density and velocity maximize and thus determine the mass flux corresponding to
the choke flow condition. Using this mass flux, the nozzle area profile can then
be determined., Chemical and fluid properties, obtained from this calculation are
retained in the form of tables. The second stage of the calculation makes use of -
this information and employs a perturbation method to estimate two dimensional
effects in the transonic region of the nozzle throat. Striated flows are treated by

means of a straight forward extension of the procedure described above.



The description given above is shown schematically in Figure 2~1. The
TDK Computer Program is divided into subprograms corresponding to Figure 2-1.
- These subprograms are illustrated in the master flow chart presented in Figure
2-2. The TBL and MABL computer program referenced in Figure 2-2 are the
Turbulent Boundary Layer Computer Program described in detail in Reference 3
and the Mass Addition Boundary Layer Computer Program described in detail
in Reference 7. The @DE program shown in Figure 2-2 is described in detail
in Reference 9. For a description of the analysis used by TBL, DE, and
MABL the above references should be used.

In Section 2.1 of this report ‘the analysis for the @DK computer program is
given. In Section 2.2 a discussion of the finite rate chemistry used by both @DK
and TDK is presentcd. In Section 2.3 the conservation equations governing
two dimensional axisymmetric inviscid flow are presented. In Section 2.4 the
transonic flow method used to construct an initial data line for the method of
characteristics solution is presented. The method of characteristics relations
are presented in Section 2.5. Numerical methods employed are discussed in
Section 3. '

2-2
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2.1 ANALYSIS FOR THE @DK COMPUTER PROGRAM

The One Dimensional Kinetic nozzle analysis computer program (ZDK)
described in this section has been developed for performing reference liquid
propellant thrust chamber performance calculations. The ODK computer program
calculates the inviscid one dimensional equilibrium, frozen and nonequilibrium
nozzle expansion of gaseous propellant exhaust mixtures. The @DK program is
also used as a subprogram by TDK. The JDE computer program, which is de-
scribed in Reference 9, is used to perform the equilibrium composition computations.
The GDE program computations are based on the assumption that species com-
positions at any pressure and enthalpy point wiil be distributed such that the
free energy of the system is minimiéed. Solid and liguid phases can be included
in @DE computations, but not in @DK or TDK computations.

The ODK one dimensional nonequilibrium calculation is performed be-
ginning at the converging section of the nozzle and ending at an axial station
located beyond the throat plane. In this calculation pressure defined relations
are used to integrate the differential equations for a one dimensional streamtube
until the flow becomes supersonic. This pressure profile is obtained by computing
an average value of expansion coefficient based on a chemical equilibrium gas
composition at the nozzle chamber and throat. These parameters are supplied
automatically by ODE. Pressure and its axial derivative are then obtained for the
exact prescribed inlet geometry from the relations for isentropic expansion. Once
the pressure profile has been determined the one dimensional nonequilibrium flow
relations are integrated starting with an equilibrium calculation obtained at the
thrust chamber contraction ratio. The advantage of using the pressure defined
boundary condition is that the differential equations are not singular at Mach one
so that no difficulties are encountered when integrating through the nozzle throat
region. The throat (minimum area) occurs when the product of density and velocity

maximizes and thus determines the mass flux corresponding to the choke flow con-
dition. Using this mass flux, the nozzle area profile can then be determined.
Experience has shown good agreement between this area profile and the original
input geometry. Once supersonic conditions are reached the program automatically
changes over to area defined differential equations.
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2,1.1 Conservation Equations for One Dimensional Kinetic Expansions

The conservation equations governing the inviscid one dimensional flow

of reacting gas mixtures have been given by Hirshfelder, Curtiss and Byrd, 11

Penner12 and others. The basic assumptions made in the derivation of these
equations are:

o There are no mass or energy losses from the system

o The gas is inviscid

o Each component of the gas is a perfect gas

o The internal degrees of freedom (translational, rotational and
vibrational) of each component of the gas are in equilibrium.

The conservation equations are presented here in the form used in the present

analysis.

For each component of the gas the continuity equation is

d oo
ax WPy val Twyrra

where the axial coordinate (x) has been normalized with the throat radius. Summi

over all components of the mixture, the overall continuity equation is obtained

-a(-}i-{— (pva) =0
Combining the above two equations gives
dci _ wir*
dx oV
Thg momentum equation is
oV 9L+ 4E -
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The energy equation is

1 2 _
h + '—2—- Ve = HC
where
h= 21 Cihi
and
T
i = fo Cotdl + by,

For each component of the gas, the equation of state is

m

— n
Pi - pil\i.l.

Summing over all components of the mixture, the overall equation of state
is obtained '

P= pRT
where

R=2 c,R
j=1 1

~Since the expansion through a nozzle can be specified either by the expansion

process or by the nozzle geometry, two forms of the above equations are of interest.

If the expansion process is specified and the pressure is known as a
function of distance through the nozzle, the above equations become

*
dCi wir




while if the nozzle geometry is specified, the above cquations become

de. w.r¥%
i i

-
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P = pRT -

where
A-_-,-._!f::_ wR.T‘L——th
p [igl 11 i=1
y=-1 1xr* hb
B = &—m— =57 w.n,
Y PV & 11
e Y
\/YRT
. C
Y ETR
and

= c.C
&

The first set of cquanons is completely specified at the sonic point

while the second set of equations is singular. Thus, if the expansion through

the nozzle is specified by the pressure distribution, the equations governing the

expansion can be directly integrated through the sonic point without m
difficulty.

2-8
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The expansion from the chamber through the sonic point is specified by the
pressure distribution in the present program in order to eliminate numerical
difficulties at the sonic point. In the expansion section downstream of the
sonic point, however, the area variation is specified and the second set of
equations is integrated through the supersonic expansion section.

In specifying the nozzle pressure distribution from the chamber through
the sonic point, rather than the known area distribution, a question naturally
arises regarding how accurately the calculation represents the flow through a
specified nozzle geometry. It has been shown by Bray 13 and others that the
pressure distribution through a nozzle is essentially ideritical with the equili-
brium pressure distribution up to the freeze point which generally occurs down-
stream of the throat (or sonic point). Thus, the difference in the expansion and
predicted performance caused by utilizing the equilibrium pressure distribution
rather than the nozzle geometry to specify the expansion from the chamber to the
sonic point is negligible. If a case does arise in which the equilibrium pressure
distribution is not an adequate representation of the expansion, the pressure
distribution can be iterated to obtain the correct pressure distribution. Experience
has shown that this is rarely if ever required.

In the above analysis the chemistry is brought into the conservation
equations through the net species production rates, w;. The analysis pertaining ’
to the chemistry is given in the following section.

N
'
[Te]



2.2  CHEMISTRY

The method by which the net species production rate, Z,_;i, required by the

preceeding analysis is determined is described below.

A chemical reaction can be written in terms of its stoichiometric

coefficients (Vij and v'ij) as

Z

v 1\_/114*—2 vl M,
i=1 1

where I.\—/Ii represents the ith chemical species name and j represents the

jth reaction.

Given a system of chemical reactions, the net species production

rate w, for each species (component) is calculated from

w, = m, 2 p (v, -v.) X,
where

- X, =[K. 7 c

(2.2-1)
j Jy=1 1 =1 1

The reaction rate, kj, is from right to left (reverse) in the above
equation and isrepresented by the Arrhenius form

T-nj (‘b -/R T)
k,=aT e !
j ]
where
a § | is the pre-exponential coefficient
nj , is the temperature dependence of the

pre-exponential factor
bj is the activation energy
The term M, is provided so that the reaction rate can be modified for reactions

involving a third body, i.e.

Mj =z m g for reactions requiring a third body
i=1 1

I\/Ij = 1 for all other reactions
where the constants mj ; are specified and

c; = &/Mw,



The integer, >‘j' is determined for a given reaction from the stoichometric

 coefficients

A, = ' -
3 &E& (Vi = vy

The equilibrium constant, Kj‘ is*

- .
sze-AF/RT (rT) )

where

F = f.v.. -2 1.0,
T R

Reactions involving a third body have a distinct reaction rate for
each particular third body, so that the net production rate should be calculated

from .

X=2Kv“vij‘)j vij“k

N B T S T e e (2.2-2)
rather than Equation (2.2-1). Benson and FuenoM have shown theoretically that
the temperature dependence of recombinaiion raies is approximately independent
of the third body. Available experimental recombination rate data also indicates
that the temperature dependence of recombination rates is independent of the
third body within the experimental accuracy of the measurements. Assuming that
the temperature dependence of recombination rates is independent of the third
body, ihe recombination rate associated with the kth species (third body) can be
represented as

| -n, (-b./RT)

g =T e J (2.2-3)
where only the constant akj is different for different species (third boFiies) . Fror
Equation (2:2—2) it can be shown that

k

1 = T
[ V.. v.. . =n, =b/RT
X, = |K, = -E.i')-pxjﬂ’ ra Z ak.'g T Jeo
b =1 ¢ |3 9
r 1 = . b/RT
v, v s a,. -n, =~b,
. 1 —
= | K, EilJ-ijzr & . }: --I'J_ci a.ij Je
J i=1 {=1 4 i=l “kj

*
K, is also the ratio of the forward toreverse reaction rates.

j
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Thus the recombination rates assoclated with each third body can be considered

as in Equation (2.2-~1) by calculating the genaral third body term (Mj) as

M o= Z on s

] i=1 nﬁ,i ¢
3y, :
where m ii is the ratio 3—)—- of the recombination rate associated with the
i k]
ith species (third body) to the recombination rate associated with the kth species

(third body) which is the reference species (third body) whose rate in the form

of Equation (2.2-3) is specified in the program input.

An extensive survey of chemical reactions and rate data for the kinetic
expansion of exhaust products of typical liquid rocket propulsion systems has
been carried out by Cherry, Reference 15. This survey establishéd 19 chemical
species and 48 chemical reactions which must be considered to predict thrust
chamber perfbrrnance within a prescribed tolerance of +.5 second of specific
impulse at an expansion ratio of 40 for the systems studied. (Additional re-
actions are presented in Referen_ce 16 for systems containing solid phase Al,

B, Be, or Li, however, the analysis used here does not consider two phase
flow effects). Updated reaction rate data has been recommended by the JANNAF
Performance Standardization Working Group Reaction Rate Constant Sub-Com-
mittee. This data is presented in Reference 16. Care should be exercised in
selecting rate data for a given propellant system and References 15 and 16
should be referred to for further information.

Reaction cards suitable for input the computer program for the 48 reactions
refered to above are listed in Teble 2-1. The reaction rates listed on these
cards have been taken from Reference 16. These rates include the rate data
selected by Baulch, et.al. at the University of Leeds as given in Reference
17, Rates for dissociation-recombination reactions are given first in Table
2-1. (i.e. before the first END card) A third body is implied in these reactions
and the type of third body is indicated in parenthesis as a comment to the
right'of the reaction in Table 2-1 (ec.g. AR is argon, M is generalized third
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body). The second set of reactions listed in Table 2-1 are all binary exchange
reactions and no third body is implied. Cards can be abstracted from Table
2-1 for input to the computer program. Note that the reaction rates are those

in the forward direction, left to right, as the reaction is written.

In order to use the computer program for systems for which rate data and
reactions of importance have not been studied, it is necessary to conduct a
screening study. The computer program can be used for this purpose since the

chemistry is easily modified by input.

In the case of low pressure systems, the condition of equilibrium is sometime
never achieved in the thrust chamber. Systems of this type are discussed in
Reference 18, The computer program, however, contains an option for starting
with prescribed initial composition so that any gas phase system can be studied

provided initial conditions are known.
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TABLE 2-1 REACTIONS AND RATE DATA FOR C,CL,F,H,N, AND O SYSTEMS
N (FROM REFERENCE 16)

T URFACTIONS CCLFHMO MAY =64 VG772  JAMNAF PSW0 K=AT##=N EXP(=1000B/RT)

o H & OH = HPD o A=TBF23 o N=P24H 9 B=0eo (AR) NO,

0 + H = 0OH s Az=4,0F 1R 4 M=, ¢ B0 {AR) NO.

0 ¢« 0 = 07 s A=1.72F17T o N=3, 0 H.‘IOQO {AR) NO.,

F &« F = F? v A=S5.TF1% 4 N=1e ¢ R=04s (AR) NO,

H + F = HF s A=2.5F1R o+ N=1, o B0y (AR) NO,

H ¢ H = H? « A=6,4F 17 o M=, y RZ=Z0eo (AR} NO,

Cop =0 + GO o AzP,TE3P o N=4,5 o R=127,555, (IN2) NO.

C ¢« 0 = CO v A=3.0F16 ¢ NZ=5 e B=Q0e0 : ’ (M) NO o

N & N = N? o Az1.0F1R o Nz=l, o B=04s (M) NO.

N ¢ O = MO s A=6,4F16 o N=¢5 o BSQes BAULCH (N2) NO,

CL ¢ F = CLF s A=3,0F16 ¢ M=,5 ¢ R=Q,40 (M) NO,

H e CL = HCL s A=3,0F16 o N=5 ¢ B=Q4 (M)  NO.

. CL ¢ €I = CL? s A=1.1€19 o N=1l, o RB=040 (M) NO,

END TRR RFAYX '

H? L) n“ = H L4 H?n ® A=2.1°F‘30 N=O. L ] R=5.1R' BAULCH Nn.

OH + OH = 0 & HPO o« A=5,75FE12+ N=ae o BR=780 RAULCH NO,

H ¢ OH = 0 & H? o A=T,33F12y N=0s o R=T.300 BAULCH NO,

N+« NH = H & 07 v A=143F13 o N=pe ¢ B=0se RAULCH NO,

OH +« CO = H &« CN2 o A=5,AF11 ¢ N=0e v RI1,URQ BAULCH  NO,

02 +.CN =0 + COP 4 ASBR,BGFQ o N==,65A1H=45.9720, BAULCH NO,

N ¢« o = (0 ¢ N2 s A=3,)1F13 o+ N=p, o R=4334, RAULCH NO,

N+ 02 =0 +« NN o A6 .43FQ 4 Nz==1l, o+ R=6,280, RAULCH NO,

Qi ¢ AH = W2 0P ¢ A=1:061F12: N= 0l8. R=4Q.266, NO .

~ H & FP = HF+ F v A=5.3F12 ¢ N==,5 o R34,000) NO

‘ HP « F = HF+ H v A=5,0F12 ¢« N=a, o RZ5,7000¢ NO.

HP? ¢ F? = HFe¢ HF v A=1.75E)10e NE==o8 R=39,73Y, NO,

H +« CL? = HCLL+CL s A=3.0F14 o N:’ao e B=3,0000 ) NO,

HP ¢ CL? = HELHCL » A=1.75E10e N==¢5 o R=245,375 NO,

HCLe H = Hp+CL o A=6,2F11 o N==¢5 ¢ R=3,1000 NO,

HCLs F = HF«CL s A=1,9F12 o N==,6B¢ R=e60n0 NO,

CL2+ F = CL+CLF vy Az=6,2F17 o Nz==,68s B=¢5000 : NO,

CL + F? = F +CLF ’ A=706F1? s N==(6Rs B=43000 NO,

CLF+ H = HF+CL ¢ A=1.8F12 o Nz« 68¢ R=3,2009 NO,

CLF+ H = HCL+F o A=5,6F12 ¢ N== 68 B=1.900 » NO

CLF+ H? = HCL+HF s A=1.RF1n ¢ N==,5 ¢ R=46,337, NO.

"F? & HCL = HF+CLF o A=14RF1Q o N==,5 o R=39,427, » NO .

CLF+ HCL = HF<+(CL2 o A=1,RE10 o N==,5 4 R=46,075, _ NO.

FP ¢ CL? = CLFeCLF o A=1.RF1N o Nz==,6§ 4 R=2A,758, NO.

Core¢ C = C0+CO v+ A=14,1F1Y NEw,5 R=6,995, NO

C s 0M = CO+ H s B=5.3F1] o Nz==,& 4 R=5,628, ' NO.

C ¢« N0 = CO+ N o A=5,3F11 o N==5 o R=R 303 NO.

COP+ N = CONO s A=1.1F11 & N==,5 ¢ R=59,618, NO,

C ¢+ 02 = CO+ 0O s A=5,3F}) + N==,5 4 R=6,5R72, NO

NO ¢ MO = NP+0? s A=1.0F13 « N=p, ¢« B=708,4G0, NO,

N ¢ OH = NODs H s A=D.3F11 ¢ Nz= 5 o R=D,62A, NO .

OH + F = HF ¢ (O ¢ A:?.QF]? o N=w ARy RZ,7000 NO g

HP0+ F = HF +NH e A=1.6F10 o N==,6Re RZ,60N0 NO¢
ACL ¢ OH = H20+CL e A=1.0F1) o N==,8 §y R=6,0,
— OH & Cl. = HCL+D v A=5.0F11 o Nz==¢5 ¢ RZ6,0

- LAST RFAX : :
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2,3 CONSERVATION EQUATIONS FOR TWO DIMENSIONAL KINETIC EXPANSIONS

The conservation equations governing the axisymmetric inviscid flow

of reacting gas mixtures have been given by Hirshfelder, Curtiss and Bird ,11

12

Penner ““and others. The basic assumptions made in the derivation of these

equations are:
o There are no mass or energy losses from the system
o The gas is inviscid
o Each component of the gas is a perfect gas
o The internal degrees of freedom (translational, rotational,

and vibrational) of each component of the gas are in equili-
brium.

The conservation equations are presented here in the form used in the present

analysis.

For each component of the gas, the continuity equation is

1 :
(piu) + 5 (rpiv) = wir* (2.3-1)
x r

where the coordinates (r,x) have been normalized with the throat radius.
Summing over all components of the mixture, the overall continuity equa-
tion is obtained '

1, + Lo, = £.0-2

Combining the above two equations gives

wir* ) i
u (ci)’ +v (ci) = ~(2.3-3)
x r P ,

The momentum equations are

p(uux + vur) + Px

1
=]

(2.3-4)

(2.3-5)

[
[ 2N

p(uvx + vvr) + Pr
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2.4 INITIAL LINE CONSTRUCTION

The solution to equatlons 2.3-1 through 2.3-11 becomes highly
complex in the subsonic-transonic domain. Because of the elliptic
character of the partlal differential equations for the case of steady-—state,
choked flow in a rocket nozzle, the known boundary conditions are improperly
set. Thus, it is necessary to construct by approximate means an initial data
line suitable for the calculation by method of characteristics of the flow
field in the supersonlic domain. The method used by the TDK Computer
Program in constructing this initial line is summarized below.

2.4.1 Uniform Expansions

For the purpose of calculating a transonic solution in the region
of the nozzle throat, an average expansion coefficlent is determined. To
accomplish this, a one~dimensional calculation is performed from the chamber
to throat for the propellant system and nozzle geometry specified using the
ODK subprogram.

Tables of flow properties (p,V, T,ci) are constructed as a
function of pressure. These tables span the nozzle throat region. An average
expansion coefficient is computed using these tables as*

ln(Pﬂ/Pl)

y:
ln(oz/ol)

where the subscripts 1 and ¢ refer to the first and last table entrles, res—
pectively.

Using the above expansion coefficient and the throat wall geometry,
the transonic flow fleld is constructed using the method of Sauer in a some~
what modified form as described in section 2.4.3. The initial line calculated
by this method Is an approximation to the constant pressure suwface emanating
from the throat mintmum point. Along a constant property line it is a reasonable
assumption that a constant value for expansion coefficient can be used.

_dgnp zn'Pz—znPl ) ;zn(Pﬁ/Pl)
Y = d4inp in pﬂ;—zn G zn(pﬁ/pﬂ
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The TDK transonic analysis computes the pressure value at the
throat minimum point, the location of the corresponding isobar, and the variation
of streamline flow angle along this isobar. This particular surface has been
chosen because it is advantageous from the standpoint of the assumptions made
in the transonic analysis. It satisfies boundéry conditions exactly at the wall,
as well as at the axis and will yield a constant Mach number which is usually
slightly greater than unity. If supersonic, this surface will be upstream of its
characteristics, both left and right running. Should this surface be subsonic
due to nonequilibrium effects, a provision exists for displacing the initial line
downstream. Once the pressure surface described above has been calculated,
all of the other gas dynamic properties are obtained by interpolation from the
tables constructed by ODK., '

2.4.2 Zoned Expansions

Many rocket thrust chambers are designed to operate with a cool
(fuel rich) barrier zone near the wall to help shield the wall from excessive
heat trancsfer. In addition thrust chamber and injector design usually result
in a mal-distribution of the fuel/oxidizer ratio so that the resultant flow is
striated into numerous zones of varying mixture ratio. In order to obtain an
estimate of the effect of these phenomena on engine performance, a zoned
expansion capability is included in the TDK computer program. Each zone is
assumed to have a distinct mixture ratio and to contain a specified fraction
of the total nozzle mass flow rate. The zones are assumed to be axially
symmetric and are distributed radially from the nozzle axis to the nozzle wall.

The procedure used in constructing an initial line for zoned expansions
is analogous to that described above for uniform expansions. For the purpose
of calculating a transonic solution in the region of the nozzle throat, an average
expansion coefficient is determined for each zone. To accomplish this, a
one dimensional calculation is performed from the chamber to throat for the
propellant system and nozzle geometry specified using the ODK Computer Program.
One such calculation is performed for each zone (i.e. for each mixture ratio).
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Tables of flow properties ( p, V, T,ci) are constructed as a function
of pressure for each zone. These tables span the nozzle throat region. An
average expansion coefficient, ;'-n’ is computed for each of N zones using
these tables as

_ In(P, /P
Yn ~  In( pz/ pl)n

n=1,...,N

where the subscripts 1 and ¢ refer to the first and last table entries, res-

pectively.

Using the above expansion coefficient vector and the throat wall
geometry, the transonic flow field is constructed using the method described
in section 2.4.3. The initial line calculated by this method is an
approximation to the constant pressure surface emanating from the throat
minimum point. Along this line each zone is separated by a double point

defining the properties on either side of the contact discontinuity.

These points, which have equal pressure and gas streamline angle, become
dividing streamline points in the method of characteristics calculation (see
subroutine DSPT, Section 5). Properties other than pressure and flow angle
are discontinuous across a dividing streamline and these discontinuities may
' be large. Within a given zone only the gas streamline angle will vary with
location (r,x) _along the start line. Properties other than pressure and flow
angle are obtained by interpolation on pressure from the tables constructed
as described above by use of the ODK subprogram. -
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™~
. - 2.4.3 Transonic Analysis

The basic assumptions made in carrying out the transonic analysis are
summarized below (see Reference 8 for a more complete discussion):

o The flow is inviscid and compressible

o] The flow is near the sonic speed and directed nearly
along the nozzle axis

o The flow is axially symmetric

o) The flow is divided into annular zones, each of which
is characterized by a single adiabatic expansion
coefficient, vy.

o In the nozzle throat region the flow is dependent only on the
local wall geometry

With the above assumptions equations 2.3-1 through 2.3-11 reduce to

the equations governing the irrotational flow of a perfect gas, i.e.:

av._ _ ou_ _
8 X or 0

and

) . : 2
(az-u'z) m_g;’ - 2uv 2:} + (az-vz) g\; + arv. =0

The method of analysis used to approximate a transonic solution to these
equations is a small perturbation technique. For a one zone expansion the method
reduces to that given by Saxuer.19 The method consists of normalizing the velocity
to the critical speed of sound

=2
]

<?
i

ml<‘ mlr.:
% *
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Perturbation variables u' and v' (both of which are assumed of small
magnitude with respect to unity) are then introduced.

u=1+u'

<N
It

v

It can be shown that substituting these relations into the governing

equations and retaining only terms through first order gives*

dv' _ du _
ax ar 0

(y+1) w 2L - 2V y/r =0

An exact solution for the above equations can be constructed and is

found to be

D T 2 2,

u e (y +1) Blr +;C11nr+BO+Bl§<

| - 22323 H 1
viEgg (v + 1) By r +"'2—(‘y+l)BICIr(lnr‘--—-)

2
+ (y+1)B, B r+C./
+ | L (y+1)}32-r+c/}’
2 1 1 X

where BO' Bl’ Cl' and C2 are constant coefficients which must be determined
from boundary conditions. For the case of a nozzle throat with constant radius
of curvature, R, (i.e. a circular arc, see Figure 2.4-1) these coefficients are
found to be

oo
o
|
+
—
Q
+
'_‘N
o)
o

which is the classical solution given by Sauer.19

*A complete derivation of the material presented here is given in Reference 8.



Nearly all exhaust nozzles for engines using liquid propellants are con-
structed with a radius of curvature smaller than appropriate to the small perturbation
methods of analysis. Fortunately a simple modification to the method yields results
which compare favorably both with experimental measurement and with the results
of other analysis when applied to throat geometries such as occur in rocket exhaust
nozzles of practical interest. The basis for this modification is to bound the method
such that the computed pressure proceeds to a physically reasonable limit for a
zero radius of curvature throat. The bound is applied at the wall boundary con-
dition and is chosen such that the ratio of pressure to sonic pressure be zero at
this limit. This assumption leads to the result that |

P/P*| \proat = 1 = (7/4) /(R + y/4)

rather than the usual result

P/P* =1-(y/4) /R

throat

0]

which is divergent for R = 0. Results obtained from th

Reference 8) have been found tc comparc favorably to both available experimental

transonic analysis (see

data and to the results of other, more complex, analytical methods.
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Figure 2.4-1. Nozzle Throat Geometry
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To apply the small perturbation analysis to striated flow the analysis
assumes that the nozzle flow is divided into N axially symmetric zones, each
of which is characterized by a constant (i.e. average) specific heat ratio. These
N zones are bounded by N-1 sliplines, i.e. dividing streamlines, such that pressure
and streamline angle are matched but other properties such as velocity, temperature ,.
and Mach number are discontinuous. A first order method is used to determine the
radial coordinate location, Yn’ of each slipline. Once these locations are known,
boundary conditions are applied at the wall, axis, and each slipline to complete
the solution.

The indices n=0, 1, . . . N identifying each zone and slipline boundary
are taken numbered from nozzle axis to wall as shown in Figure 2.4-2. The

sliplines are located at

Yn ;n=0., 1, ..., N

The total mass flow rate for the nozzle is

M
and for each zone the partial mass flow rate is

;= mass flow rate, zone n

In=1]2,oaaN

n M

so that
N
Zmn=1=m1+mz+. . .tm
n=1
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zone boundary slipline locations

index index
N —— YN =] wall
N __
N-1 — YN-l
N-1

po}

+
st
-l

nt+l
n+l
n e Yn
n
n-1 Yh-1
n-1
3 e Y3
3 ) Y
2
"2
‘ 1 Y1
1 0 SOS—— YO =0 axis

Figure 2.4-2. Nomenclature for the Numbering of Zones
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/ ' Applying the continuity relation it can be shown that to first order

the Yﬁ are solutions to the tridiagonal system shown below.

- _ -blv-}-w

2
| ) Y 0
A K,) -1 v
-AZKZ ’ (1 + 2 2 4 ‘ 2 0
+A K B Y2 1
-Ayoifn-1e (P AN-IPNA N-1
n i 1 L d

. where
m
+
k=~ =-o n=1,2,...N-l
m,
p* a*
Ang___ri__.il—_, ’ n=1'2'oaoN_’1
* a* X
n+l n+l

. Once the slipline locations Yn, are known it is necessary to apply boundary
conditions sufficient to determine the constant coefficients B0 , Bl R C1 ' C2 .
n n n n
The conditions applied are:
at the axis;
the radial velocity component is zero.

at the sliplines;

the gas pressure and streamline angle match through first order.
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at the wall;

the gas streamline follows the wall streamline through first order.
These conditions require that the following relations be satisfied by the constant

coefficients:
at the axis (for n-1);

C. =C, =0
L, T2

at the sliplines (for n=2, . . ., N=1);

1 ' 2.3 3 -1 1
15 Lp* 7B Yyt Ot By ) ¥ ln¥, -5l

1 -
’+ —Z(‘ynf_l) Bl B Yn+C Yn =
) n °n “n

1 -1
v} + 2 (4., +1)B C Y (InY - =)
2 ''ntl 1n+l 1n+] n n 2

Yn+02

+

1
—-Z—(yn+l+1) B1 B

n+l 0

n+1l
and

'?lg(yn‘rl)Bf Y +C,; Y-l=—1-(‘y+ +1)B2 v +c vl

n 0 .nn 2 ''ntl 1n+1 n 1n+1n

and

2 2~
-+
('ynﬂ 1) 1aln+1 Yo+ c:,lnﬂ Iny + B°n+1]

1, 2 2
—(y.+1) BY Y°+C, InY_ +B. =
[4 n ln n ln “n on

n+lz 1- "+l |—

and

* . = * B
Pion B T Fael hnr B
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at the wall (n = N);

] 2 .3 _ 1

== (yy+1) - = (yy*t1) B, C

16 'UN 1N 7 et By G
* by *1) By By +Cp =0

N N N
and

(‘y +1)B +C, =1/

2 N In In

The above equations form a system of 4N non-linear equations in 4N

unknowns (B0 ' B1 . C1 ' C2 Y. For given values of R and of the vectors r'nn,
n n n n
An’ Yn' and Yn the above system of equations can be used to determine the 4N

unknown coefficients by employing standard numerical technique.

To apply a numerical method (such as the Newton method) to obtain a
solution to the ahove system of equations requires an estimate for the solution

vector (B0 . B1 G1 ' C ). The TDK program uses the one zone solution to
n n
provide a flrst estlmate° A good estimate is obtamed since 1f

'}’n:'yn-i-l‘ n=1,2, .. .,,.N-l

the one zone solution satisfies the above system identically. The program also
takes advantage of the banded property of the Jacobian, J, for the above system

(+1) - 0 _ (007 00

in using Newton's Method, x ,to obtain solutions.

The method described above has also been bounded so as to give reasonable
answers for nozzle geometries where R is small.
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2.5 METHOD OF CHARACTERISTICS FOR KINETIC EXPANSIONS

By standard methods?‘0 the characteristic relationships for the
conservation equations 2.3-1 through 2.3-11 can be shown to be

dr _
-a—)-c-—ta.ne
w2
a¥ +98.,
P

along streamlines,

= cot (0 + a)

dx
dr
-i?: [ ,sme Fdr-de]

along left running characteristics, and

dr
dx

. . :
B =-G [(A - 2o G)H dx - dG]

along right running characteristics, where

=tan(9-a)f

2-28

(2'.5—1)

(2.5-2)

(2.5-3)

(2.5-4)



=]

]

(1]

Py

o)

1]

Pt
——
gl=
S

by
n
0
o
(7}
@

- sin © cot (8 + a)

sin a cos a

I
"

cos Btan (6 -~ a) -sin 8

2-30

(2.5-5)

(2.5-6)

(2.5-7)



The above form of the characteristic relationships remains determi-
nant when the streamline is horizontal, when the left running characteris-
tic is vertical, or when the right running characteristic is horizontal. Rarely’
(if ever) will the inverse of the three situations occur in nozzle flow field

calculations.

In the analysis above the chemistry is brought into the conservation
equations through the net species production rates, W, The anslysis
pertaining to the chemistry is identical to that used by the ODK program
as presented in Section 2.2,
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3. NUMERICAL METHODS

In this Section numerical methods used by the ODK and TDK
'programs are discussed. The ODK subprogram.integrates the system of
differential equations presented in Section 2,1.1. Standard integration
methods, such as Runge-Kutta, are impractical when applied to these
- differential equations because of the very small step sizes often required
for stability. Consequently a fully stable integration method has been
developed and applied as described in Section 3.1.

Solution of the characteristic differential equations presented
in Section 2.5 also requires a numerically stable integration method. A
highly stable implicit finite difference method is presented in Section

3.2 for integration of these characteristic relationships.



3.1 'ODK NUMERICAL INTEGRATION METHOD

It has been shown by Ty_son21 that in the numerical integration of relaxation
equations in near equilibrium' flow regions (sqch as the chamber and nozzle inlet
in rocket engines), explicit integration methods are unstable unless the integration
step size is of the order of the characteristic relaxation distance of the relaxation
equations. Since the characteristic relaxation distance is orders of magnitude
'smaller than the characteristic physical dimensions of the system of interest (such
as the nozzle throat diameter and length) in near equilibrium flow regions, the use
of explicit methods to integrate relaxation equations in these regions results in
excessively long computation times. Implicit integration methods were shown to
be inherently stable in integrating relaxation equations in all flow situations
(whether near equilibrium or frozen) and can thus be used to integrate with step
sizes of the order of the physical dimensions of the system of interest throughout
the integration reducing the computation time per case several orders of magnitude.
Since it has been demonstrated that there are significant advantages in using
implicit rather than explicit integration of the relaxation equations, a second order
implicit integration method has been chosen for use in the ODK computer prograrh.
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3.1.1 Stability Considerations

The numerical considerations leading to the above conclusions can

be illustrated by considering the simple relaxation equation.

.c.i.Y_. e e | (3.1"’1)
dx ,

which represents the relaxation toward equilibrium of chemical reactions, gas
particle lags, etc. In this equation Ve is the equilibrium condition.and 71is the
characteristic relaxation distance of the equation. In the equilibrium limit, ¢
is very small compared to the physical dimensions of the system of interest while
in the frozen limit, 7, is very large compared to the physical dimensions of the
system of interest. The mathematical behavior of solutions to the above equation
can be found by considering the simple case where 7 is constant and

b4

=y +alx - xo).

e eo

which is equivalent to terfninating the Taylor series for Yo after the first term.
The exact solution of Equation (5-4) for this case can be shown to be

yix, +h) = yix )+ [Yeo -'y(xjo) - a-*r] [1 - e"h/T] + ah

where y(xo) is the initial value of y and h is the integration step.

It is seen that the solution consists of two parts, a term which varies
slowly with x and a term which exponentially decays with a relaxation length of 7,
- the characteristic relaxation length of Equation (3.1-1). Thus after a few relaxation
lengths

y(x) =~ Yoo T3h, h>>7

which is independent of y(xo) the initial condition. Since explicit integration
methods construct the solution of Equation (3.1-1) as a Taylor series about
the initial condition y(xo) . the above example indicated that explicit integration

methods should be limited to step sizes »f the o>rder of a few relaxation lengths.

3-3



That this is indeed the case can be shown by explicitly integrating
Equation (5-4) using Euler's method. The explicit finite difference form of
Equation (5-4) is then

ylxg +h) -ylx)  vlx) -y,
h T

which yields the truncated Taylor series
- _h h
y(x_ +h) =ylx) (1 T) Yoo

when solved for y(xO + h). After n integration steps, it is found that

n n n-i
y(xo + nh) = y(xo) [ - -113:] + iE.—.:1 [yoo + (i - 1) ah] [ - -}_-:.-] _}_1;

Examination of this equation shows that the independence on the initial condition
y(x ) will decay only if ]1 - h/—rl< 1, otherwise y(x + nh) will oscillate with

Ny

rap1d1y increasing amplitude. Hence the calculatlon will be stabie oniy if h/T<
Similar results are obtained for other explicit integration methods. (The stable
step size for Runge-Kutta integrations is h/7< 5.6.) Thus the stable step size for
explicit integration of relaxation equations is of the order of the relaxation distance
which explains the large computation times associated with explicit integration

of relaxation equations in near equilibrium flow regions. As shown below, the use
of implicit integration methods allows the integration of relaxation equations on a
step size which is independent of the relaxation length.

Implicitly integrating Equation (3.1-1) using Euler's method, ‘the finite
difference form of Equation (3.1-1) is

ylx  +h) -ylx) ) ylx,+h) -y ~-ah
h : T

which yields
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when solved for y(xo + h). After n integration steps it is found that

yix,) Y., t iah

i

—_—t

n & n+l-i
T T

Examination of this equation shows that the dependence on the initial condition

y(x _+ nh) = h (3.1~2)
o T

y(xo) always decays, regardless of the step size. Hence the implicit calculation
will always be stable. As an extreme example, consider one integration step,
h=x-x_. From Equation (3.1-2), it is seen that

y(x):yeo+ah , h>>t

when the step size is large compared to the relaxation length and
= h
y(x) = ylx) (1-—1)+y 2+, ..,h>>7

3 A+ + 1 3 1 +1.
when the step size is small comparcd to the relaxaticon length.

It is seen that in the equilibrium limit (+ small, h/r large) the exact
solution and the implicit integration of the relaxation equation go to the same
limit which is independent of the relaxation distance and depends only on the rate
of change of the equilibrium condition. In the frozen case (r large and h/r small)
the implicit and explicit methods are essentially the same (terminated Taylor series).
Thus, implicit ﬁumerical integration methods can be used to integrate relaxation
equations using step sizes of the order of the physical dimensibns of the system
of interest in all flow situations whether near equilibriuin or near frozen. For a
complete discussion of the numerical integration of relaxation equations,
see Reference 21. ’

In choosing a numefical integration method, the primary items of concern
are the stability, accuracy and simplicity of the method. As shown by Tyson21 and
discussed above, implicit methods are to be preferred for numerically integrating
relaxation equations due to their inherent stability. Having chosen the basic inte-
gration method for stability reasons, the order of the integration method is determined
by accuracy and simplicity considerations. In general, the‘ higher the order of the
integration method, the more complex the method becomes requiring more information

in the form of past value or past derivatives of the function being integrated.
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Second order methods (accurate to h2 with error of order h3) have the advantage

of simplicity and flexibility since they require only one past value of the function
while retaining sufficient accuracy to allow the use of reasonably economical step
sizes. For these reasons, a second order implicit numerical integration method
was chosen for use in the present program. A complete derivation of this numerical
integration method is given in the following section.
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8.1.2 Derivation of the ODK Numerical Integration Method

Consider the coupled set of first order simultaneous differential
equations.

ciyi~f ’
dX—i(x'yl'.'.'yN)'1_1'2"..'N

It will be assumed that the equations are not singluar and that a solution exists

 which may be developed as a Taylor series about the forward point

dyi

_ 9y 4y w2 4 n 4y nt
i, n+tl = dx

« +h dx® 2 3 LI 24
n xn+h

+ll‘l

k

where ki n+l is the increment in v; and h is sufficiently small. For equal
;

integration steps

dy. d”y. 2 d7y. 3
Ik pq vk =252 h-4—s hoys—2 335-
& "l.‘ A' L= [ o .
) | xn+h dx |xn*l-h ' xn+h
4
6 d Y; h4
ml -‘-———‘4 ﬁ +00.
dx

x +h
n
" Solving these equations for the derivative at the forward point, it is found that

I Tt STt T L B '
2h 3 3
+h
*n dx xn+h

Expanding the function fi(x, Voo oo yN) as a Taylor's series about the back
point (xn) , it is found that

dy, » N 3 2 '
i
== =f +a h+ o 4 L
dx | 4 b *i,n j§=:1 p1.3, nkj,nH +dx3 2t
n x
n
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where

and the subscmpt n refers to the functions £, o; and 31 . evaluated at the point

X, Since
3 3 4
g*—x = -g——-x - .é__x h + O
ax> ax> daxt :
x x +h x +h
n n
and
4 4 1
—(l.% - ———xd 4 - 0 e @ 1}
dx dx
x xn+h

Thus the formula for Taylor Series expansion about the back point can be written as

3
—(l;-y-i - f + a h + Z i—-y-g -}ﬁ - e 0 0
dx % +h i,n i,n =1 1.J,n J,nH dx3 2
n xn+h

Equating the expressions for the derivative at the forward point and back point,
it is found that

- 3
3%, ntt " Ki n - ¢ § g 47y, n2
Z¢h i,n - I,J.n J.n-H --——3 5 e
= dx
x_+h
n _
or
X ' 3
N d7y. 3
1 Y h
k = o —-——-}_. e « s o0
i,nt{ 3 ,}1. n+2(f1,n+ al, nh + jglpi,j. nkj,nH)h] + dx3 9 t
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Neglecting the third order derivative term and solving the set of N linear
nonhomogeneous algebraic equations

2 N
(-—ﬁ.. h)k- - i -6, JB. . k: =—1- |
37i,i,n i, n+{ j§1 ( i, J)pl, jonj, .nH 3 ki, n+ 2(fi, n +ai, nh)h]

where 6; j is the Kronecker delta thus yields a second order implicit solution
of the above coupled first order simultaneous differential equations.

For unequal step sizes, it can be similarly shown that solving the
set of N linear nonhomogeneous algebraic equations

2

h +h h N

+{ n n+i

{ .22 g . h |k, - (1-56 JB. . k.,
ZhnH +hn i, L, n n+> i, ntd (ZhnH +hn)hn j{:i i, i, j,n jyntt
han hn

= k., +(f, +a _h ) s— (h + h )

(Zhnﬂ + hn)hn i,n i,n i,n n+{ hnﬂ n+i n

yields a second order implicit solution of the above set of coupled first order
simultaneous differential equations. '
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3.2 TDK NUMERICAL INTEGRATION METHOD

The reacting gas characteristic relationships given in Section 2.5
are generally integrated using second order e}‘<plicit methods. It has been shown,

21 that implicit integration methods are superior to explicit methods for

however,
integrating chemical relaxation equations. Thus, in the present program, the

fluid dynamic equations are integrated using an explicit modified Euler method while
the chemical relaxation equations are integrated using a first order implicit integratio

method.

In numerically calculating flow fields using the method of characteristics,
only two (previously calculated) known points are directly usable in calculating a
forward point. In perfect gas flows, only two known points are required to calculate
a forward point and the calculation is straightforward and unambiguous. In non-
equilibrium flows, however, more than two known points are required to calculate
a forward point so that a choice must be made as to which points in the flow field
will be used directly and which will be interpolated. Since even small interpolation
errors in species concentrationg are known to cause serioug stability and accuracy
problems in the numerical integration of the chemical relaxation equations, the
back streamline point and one characteristic point were chosen as the known points.
This choice avoids interpolation for the species concentrations in that only fluid
dynamic properties (velocity, pressure, etc.) and the total entropy production term
due to all nonequilibrium effects need be interpolated at one of the back charac-
teristic points. Since these quantities are all slowly varying across the characteris-
tics mesh, they can be interpolated quite accurately. Experience has shown that
this choice of numerical integration methods and known data points is optimum for
reacting gas characteristics calculations. A complete derivation of the numerical
integration methods used in the program are given in Sections 3.2.1 and 3.2.2
below. '

3.2.1 Integration of the Fluid Dynamic Equations

Consider the flow field shown in Figure 3-1.
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1 RIGHT RUNNING
CHARACTERISTIC

STREAMLINE

LEFT RUNNING
CHARACTERISTIC

5"

Figure 3-1. Flow Field Calculation

3 (POINT TO BE CALCULATED)

Between points 3 and 4 the streamline characteristics relationships

are integrated as

r’
g N-1]|}/2
N
v, = (v 2 N Paly_ (22
° 3 4 N-1lp, P,
.
l(.La,J.)
2y Y3
} P3 o -}. A4 A3 (
P3 = Py P, P ?,c;ose4 c:osG3 X377 X4

(3.2-1)

3. 2‘_,2)

(3.2-3)

(3.2-4)



where
3
In{—
(P 4)
P
Py

The integration formula (3.2-1) relating the coordinates of points 3 and

N =

4 was chosen because it is exact if the streamline is a circular arc between points
3 and 4. This is an excellent approximation over one mesh step. In integrating

the momentum egquation to obtain Equation (3.2.2) it was assumed that P varies as
pN along the streamline. In integrating the energy equation aﬁd the perfect gas
relationship to obtain Equations (3 .2-2) and (3.2-4), the coefficients ‘y-l, A/cos Q,
(y- 1) /y, and B/cos 6 appearing in these equations were assumed to be equal to
their average value between points 3 and 4. The streamline integration formulas
' (3.2-2), (3.2-3), and (3.2-4) are exact for nonreacting, constant gamma flows, (.e.
the special case where N equals yand where A and B are zero). Since often much
of the supersonic portion of the flow field is nonrcacting (frozen) and approximately
a constant gamma flow, these integration formulas are believed to be the best

c¢hoice f{or supersonic reacting gas iflow field calculaticns.
Between points 1 and 3 the right running characteristics relationships -

can be integrated as

. M
r3=r1+tan[—2—(61+63-a1 -o.3):l(x3— xl) (3.2~5)
i p. 1 '
P3 = Pl exp - E(AIGIHI + A3G3H3)(x3 - xl)
i }— GlHl sin 91 R KG3H3 sin 63( iy
2 r, r, X3 - *y

. ‘ (3.2-6)
1 ' g

The finite difference formula (3.2-5) is used for formula (2.5-3) and was
chosen because it is exact if the right running characteristic is a



circular arc between points 1 and 3. In integrating the right running charac-
teristic relationship to obtain Eguation (3.2-6) the coefficients (AGH, GH sin
8/r, and G) appearing in Equation (2.5-4) were assumed to equal their average

value between points 1 and 3.

If point 3 is an axis point then ry and @ 3 are zero and the indeterminate
quantity sin 93/r3 appearing in Equation (3.2-6) can be approximated by

sin 63 ' tan 61

Ty = ¥ -q-(x3-:-c1)fan91 (3.2-7)

Equation (3.2-7) is obtained by extrapolating for the ratio sin §/r on the axis,

assuming that the flow near the axis is a source flow,

Between points 2 and 3 the left running characteristics relationships
can be integrated as

| 1
X3 =x, % cot [Z(BZ+03+a2+a3)](r3 - 1,) - (3.2-8)
- r . ‘ )
° l . )
P3 = PZ exp l:z(AZGZFz + A3G3F3)(r3 - rz)
G.F., sin 8 G, F., sin 8
_ 1 2" 2 2 373 3 .
i = s—z-( rz + r3 ) (r3 rz) (3e2""9) .

1 )
- 3(G, + G3)0, - 6,)

The formula (3.2-8) is the finite difference expression used for formula

(2.5-1) and formula (3.2-9) is the finite difference expression used for formula (2..5—2) .

If point 2 is an axis point, then r, and §, are zero and the indeter=~
minate quantity sin 84 /rz appearing in Equation (3.2-9) is that quantity previously
calculated for the axis point using Equation (3.2-7).
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Equations (3.2-6) and (3.2-9) can be combined to yield

1

0, = I
G3 +—2'(Gl + GZ)

3

124;-1-(0 +G.)B.+2(G, + G0
“p1 21 31TV 392

1 .
+-2-(AZG F, + A3C'3F3)(r3 - rz)

272

L +
2 .rz r3

1 GZFZ sin 92 G3F3 sin 93 _
(ry - 1,)

é.

1 :
+-2-(AlGlHl + A3G3H3)(x3 - xl)

- — .

1 GlHl sin 9l G3H3 sin 63
2 (x3

- = .+ - x,)
T T, 1

It can be verified that use of these integration equations results in an
error or order h3 where h is the integration increment (mesh size). Since these
integration equations involve the flow properties at the unknown point '(3) , they
must be solved by iteration. The modified Euler iteration method is used by TDK to

solve these equations in the various point calculations.

It should be noted that in the form of the equations given above, the
chemistry is coupled by the terms A, B, Cp, and R. The TDK program has an
option which allows the calculation of kinetic effects by use of tables of these
variables vs. temperature that are generated automatically by the ODK
subprogram. A significant advantage of this option is that it giveé an order
of magnitude reduction in computer time for a given case. Although exact
results can be obtained in the frozen and cquilibrium limits, significant

error can be introduced when the expansion is in chemical nonequilibrium,

3-14



The implicit method used by TDK to integrate the chemical relaxation
equations is presented below in Section 3.2.2.

3.2.2 Derivation of the TDK Numerical Integration Method

The chemical relaxation equations are a 'coupled set of first order
simultaneous differential equations of the form

dc, .
1 - © ® o ) ° - -
dx _fi(Cl. CZ s » CN» Ylt er Y3o Y4) i=1,2, e+, N

along the streamline where Yy Y0 ¥Y3u and Yy refer to the fluid dynamic variables
V, p, T, and 8, respectively. Assuming that the equations are not singular and
that a solution exists which may be developed as a Taylor series about the forward
point, one obtains

- i
ki— dx h

-

n+h

where ki is the increment in 4 and h is sufficiently small. The first coefficient

. of the Taylor series may be calculated as

dc. .
1 .

& Chiler et N Y Y Yy )

Expanding as a Taylor series about the p_oint\xn, it is fqund that

de; . s . Ay [ 2]
e =f. + . . . + . . LAY,
n+h
where )
. Bfi
B, i =3
l' =
J CJ
afi
$; ;=5
1,) Yj
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and the subscript n refers to the functions £, 8, j and @i j evaluated at

the point X,

Thus neglecting the second order error and derivative terms yields

the integration formula for the increment ki
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3.3
Step 1.
Step 2.

SUMMARY OF THE TDK COMPUTATIONAL PROCEDURE

The steps below summarize the computational procedure used by

‘the TDK Computer Program (ODE-ODK-TDK input option):

(Zone 1, inner zone O/F ratio)

1.1
1.1.1

1.1.2

1.1.3

1.2

1.3

1.4

ODE is used to compute: *

P,H solution at stagnation (chamber V=0)

condition

P,S solution at throat (pV maximum) condition.
Entropy, S, is computed in step 1.1.1 above.

€ S solution at input contraction ratio.

An average expansion coefficient, Ne , is
computed (Pg. 5-58) . This expansion coefficient
is the perfect gas expansion coefficient which
would vield the throat pressure ratio computed

in step 1.1.2. '

A pressure table P(x) and its derivative dP (x)/dx are
computed using the perfect gas relations, Ne' and the
input thrust chamber geometry (pg. 5-50 to 56).

The ODK Computer Program is used to integrate the
finite rate equations for one dimensional flow. The
integration begins at € So that the flow will not be
singular at the throat, P(x) and dP(x)/dx are used until
the flow is supersonic (M <1.02). For supersonic
flow the area defined relations are used.

The sequence described in Step 1, above, is repeated for zones 2

through N <50, the outer zone.

The following throat property tables are constructed during each of

the above calculations:

p,V, T, C; Vs. P.

These tables begin at the ODK determined throat (pV maximum) and

end when the flow attains a Mach number of 1.5.
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Step 3.

Step 4.

Step 5.

An average expansion coefficient, 'yn, is computed for each
zone using the tables constructed in Step 2.

in (Pz/Pl)
‘y=——(--7——7 n=1, ...N=50
n in pz pl
The subscripts 1 and £ refer to the first and last table entries

(at the ODK throat and at M=1.5). Thus if the flow through the
throat is in equilibrium ywill attain the equilibrium value and if

.

the flow is frozen ¥ will attain the frozen value.

4.1 Using the above values of % and the upstream radius of
curvature at the nozzle throat, Ru' a two dimensional
(axially symmetric) initial data line is constructed using
a small perturbation method. The location of 'the constant
pressure surface emanating from the throat minimum point
is determined. The location of the slipline pusiiious is
also determined by the small perturbation method (from
the continuity relation). Pressure and flow angle are
matched (through a first order of approximation) at the
sliplines.

4,2 Flow properties of p, V, T, and c; are interpolated from

the tables constructed in Step 2 using the pressure determined
in Step 4.1.

A method of characteristics solution is computed for the nozzle.
Boundary conditions are the initial data line and nozzle wall with

a symmetry condition used along the nozzle axis and slip conditions
(matched pressure and flow angle) used along the streamlines dividing
zones of different O/F. 'I_‘he finite difference mesh is constructed at

gas streamline and left running characteristic intersections.

3-18



N _
‘ 4, PROGRAM OVERLAY STRUCTURE

$.1,2 RLYCK DATA
5.1.1 | DRIVER
5.1.8 TIMERX
SECOND
§.1.3 | RIND
s.1.6 | SPLN
5.1.5 SLP
s.1.7 | sTorce
$.1.4 I1ER
5.2,1 LINK10 5.2.3 LINKI1A §5.2,9 LTCPHS 5.3.1 LINK20
s.2.2 | TTAPE 5.2.4 | PREBLM s.3.2 | GIDES
s.3.15 | SAVE
5,3.9 HCALC
s.a.n | oum
s.3.6 | EQLBRM
§5.3.3 CPHS
s.3.5 | LFMT
5.3.10 MATRIX
$.3.8 GAUSS
5.3.16 [smcn s.s.xalmsmp 5.3.4 lm:wm 5.3.14 | ROCKET  s.3.17 | sHCk  5.3.12 ]REACT
$.3.13 RKT@GUT
5.3.19 VARFMT
$.3.7 | FRQZEN
s.4.1 | LINK30 5.5.1 | Linkao
s.4.2 | oo _ soe2 | Twap
5-4.12 | MAINID S.5.3 | TSTDK
i $.4.18 | PRNTCK
50409 | IAUX
o411 | LESK 5.6.1 | LINK4L 5.7.1 | LINK42
5.4.23 TABGEN 5.6,2 TRAN $:7.2 TDK
s.4.15 | guTPUT s.6.7 | pTAB 5.7.3 | ERRCRZ
S5.,4.4 DERIV $5.6.5 GETIL
5.4.7 | FLU 5.6.10] XPIL
s4.6 | EF s°6.8 | SAUER 5.8.1 | LINKKS s.9.1 | Linkys
s.a8 | GIF so6.6 | NEWT s.8.2 | CHaR 5792 | CNTRL
5.4.21 | STF s.6.3 | BANDI s.8.4 | WALL S.9.11 | INPT
5.4.10 | INT $.6.9 | TRIM s.8.3 | Cusic s.9.4 | cHECK
s.6.4 | FCALC $9°6 | CRIT
s.9.8 | GPF
5.9.9 | GPFKIN |
1 5.4.14 | QOKINP 5.4.16 | PACK Il e
s.4.17 | prES I R
5.4.22 SUBNE 5'9'10 GPFPG
.43 | CONVRT S.9.00 | oot
.4.zolssx.ncr $.4.19 | REAXIN S.9.18 | ST
, $.4.13 | NUMBR 5.9.12 | NESK
5,4.5 ECNV 5:9.18 WLPT
s.9.3 | aaser
$.9.16 | SUBLL

*'l‘his overlay structure corresponds to the load map generated by the Univac
1108 computer using EXEC II CUR,

—



5. PROGRAM SUBROUTINES

This section contains a comprehensive description of the program sub-
routines. These descriptions are presented in the following order: the subroutines
are grouped by overlay with the main subroutine of the overlay first followed by

all other subroutines of the overlay in alphanumerical order, An index for the sub-
routines is presented on the following pages.
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'INDEX FOR SbBROUTINE DESCRIPTIONS

UPPER LEVEL SUBROUTINES

DRIVER
BLZCK DATA
FIND

ITER

SLP

SPLN
ST@ICC
TIMERX

LEVEL ONE SUBROUTINES

LINK10
TTAPE
LINK1A
PRGBLM
LTCPHS

@DE SUBROUTINES

LINK20
@DES
CPHS
DET@N
EFMT
EQLBRM
FRZZEN
GAUSS
HCALC

-‘MATRIX

@FUT1
REACT
RKTQ@UT
RPCKET
SAVE
SEARCH
SHCK .
THERMP

VARFMT
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@DK SUBROUTINES

LINK30
@DK
C@NVRT
DERIV
ECNV
EF

FLU
GTF
IAUX
INT
LESK
MAIN1D
NUMBR
@DKINP
GUTPUT
PACK
PRES
PRNTCK
REAXIN
SELECT
STF
SUBNE
TABGEN

TDK CONTROL SUBROUTINES

LINK40
TWED
TSTDK

TRANSONIC ANALYSIS SUBROUTINES

LINK41
TRAN
BANDI
FCALC
GETIL
NEWT
PTAB
SAUER
TRIM
XPIL

SUPERSONIC CONTROL SUBROUTINES

LINK42
TDK
ERR@RZ
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"5.1 UPPER LEVEL SUBROUTINES

5.1.1 PROGRAM DRIVER

This is the main routine for the program and as such provides overlay |
communication, defines the upper level labeled common blocks, and initializes
certain logical control variables. DRIVER calls the thermodynamic tape gene-
ration subroutine, TTAPE, when required. Subroutine PR@BLM is called to decode
the PROBLEM card and Subprograms @DE and/or ®DK are called to perform
equilibrium/frozen and one dimensional kinetic caiculations as required. Subprografh
TW@D is called for Transonic and Two Dimensional Method of Characteristics

as required.

5.1.2 SUBROUTINE BL@CK DATA

BLZCK DATA contains atomic data stored in AT@M(i,j) and many of the
variables used with the variable format, FMT. The ATGM variables are defined in
appendix B, Reference 9. The format variables are stored in the common labeled
@UPT and are descfibed_ here.

A variable format was used so that one format, FMT, could be used
in the final output with changes in the number of decimal places according to
the sizes of the numbers. The format is used to print a label and from 1 to 13 ,
associated numbers, The labels contain 14 alphameric characters stored in
four words and printed with 3A4,A2. The numbers are all printed in a field of 9.
FMT is initially set in BLGZCK DATA as follows:
FMT (1) (2) @) &) (5) (6) 7 @6 @ @0 (1)

(lH ,37M4 ,A2, F9,. 0, F9, 0, Fg, o0, F9 . 0,

FMT (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)

F9. o, F9. 0, F9. -0, ; F9, o, F9. o0,
(22) (23) (24) (25) (26) 27) ' (28) (29) (30)
F9.. 0, F9. 0, F9. 0, F9. o )

where the spaces are stored as blanks,

Some variables set in BL@CK DATA to modify FMT are as follows:
Variable: FO F1 F2 F3 F4 F5 FB FMTI13 FMT9X FMT19
Storage: 0, 1, 2, 3, 4, 5, 13, 9X, 19,

The following is a list of variables used as labels and printed with
3A4, A2 in FMT:
5=5



TN
o Variable Stored label
FP P, ATM
FT - T, DEGK
FH H,CAL G
FS S, CAL/(G) (K)
M M, MOL WT
FV (DLV/DLP) T
FD (DLV/DLT) P
FC CP, CAL/(G) (K)
FG GAMMA (S)
FL SON VEL, M/SEC
FR1 PC/P
FC1 CF
FN " MACH NUMBER
FR CSTAR, FT/SEC
; F1 ISP, LB-SEC/LB
,,,,, FA IVAC, LB-SEC/LB
oy FAl,FA2 AE/AT

5.1.3 SUBROUTINE FIND

This subroutine locates the index, I, in a table such that

X(I) < X < X(1+1).
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5.1.4 SUBROUTINE ITER (F1, X1, XNEW, N@@)

The purpose of this subroutine is to find the root or zero of the
algebraic equation
' fX) =0
using the method of secant or false positlion. In particular this subroutine
is designed to take advantage of the fact that the secant method will always
find the root of the above equation if the root has been spanned.

Calling Sequence;

Fl is the value of the dependent varlable, f, corresponding to
the value of X1.

X1 is the value of the independent variable, X, which corresponds
to F1.

XNEW is the predicted or new value of the Independent variable
Ng@ . 1s a flag such that

N@@ = -1 the first time ITER is called.

N@J = +1  upon subsequence calls.

Restrictions:

The user !s expected to check for convergence as there are no internal
checks made In ITER.
Method:
Subroutine ITER utilizes the secant method predictor formula
Xy Xp-fy - X0/ 6 -8y ) |
where the subscrlpt i refers to the current value of X and £
except for the first {teration in which the value of X is perturbed only slightly.
When the root has been spanned the subroutine saves 2 back value of f and X
in order that the root may always be straddled and thus found. The linkage to the
subroutine {s set up so that if bounds on the root are known, then the value of
XNEW may be disregarded and bounded values may be used for the first two
guesses. This type of linkage necessitates that the value of X1 must be set
equal to XNEW or the bounded value of X. In order to speed up convergence,
if the error within the bounded domain of the dependent variable exceeds a ratio
of 10, then the new value of X is set equal to one half of the range.
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5.1.5 SUBROUTINE SLP (X, Y, N, MFLAG, YP, W1, W2, W3, IFLAG)

The purpose of this subroutine Is to supply derlvatives for a tabulated

function. The end point derivatives may be specified or are calculated inter-

nally by parabolic interpolation. Interior point derivatives may be found by

a cubic spline {it procedure.

Calllng Sequence:

X
Y
N

MFLAG

w1l

w2

w3
IFLAG

Method

Is a table of independent variables, X
is a table of the dependent variables, 4

i{s the number of entries in each of the tables X, Y, and YP.
1 = 1 4 e o0 N

this entry is a flag, m, such that

m>0 implles x is equally spaced
m<90 implies x is not equally spaced
]ml =1 y' will be continuous

lm! =2 vy'and y' will be continuous

is a table of the derivative, y; 4
working storage of length N

workina storage of ].ehgth N

working storage of length N

this entry is a flag, 1; ‘such that

i=o0 implies value for YP(1) and YP(N) will be calculated
internally by parabolic differencing

i=1 implies values for YP(1) and YP(N) will be input

The cubic spline fit procedure' utilizes the Interpolation formula given

below:

= A(x-x)3+B(x~x')2+C(x-x)+D
T, o) o

= 3A(x-x°) +2B(x—xo)+C

=6A(x-xo)+ZB

The plecewise cubic fit to a tabular function by the above relations will yield

a discontinuity in the second derivative y'', between adjacent fits of:
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woovp i Corprar -6 180 - (o e an)
01 12 ‘o1 01 12~ M2 '
where
o1 =%, %
hip =% 7%
ko1 = Y1~ ¥g
kKja=¥2" %)

The method consists of setting the left-hand side of the above rela-
tion equal to zero so that the second derivative ls continuous across juncture
points. As applied to a tabular function, the above procedure results in a set
of linear simultaneous equations (tri-diagonal) to be solved for the y; , provided

that values for y' at the end points are known.
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5.1.6 SUBROUTINE SPLN
Performs either cubic or linear interpolation between two given points.

Cubic interpolation for a function and its first two derivatives is per-

formed as described below:
Given function values ' and Yo +1 and first derivative values y‘n and

3 : : Al 1 ] "
Y n4l at X and X4 this subroutine evaluates y(x), v (x), and Yy ®)

for xns X < X using:

n+l

_ 3 2 )
y=AKX - xn) + B{x - xn) + Cx Xn) +D

X = X ] ]
I S S AR

y'=(yp4 = ¥,) /b

where:

S W .
=g Lyt yh - 2K

N S -
B=-> [ e +2v' )b = 3Kk]

PR |
C—»yn
D=y‘n
h=xn+l“xn

k = yn+1 ﬂyn

Linear interpolation for a function and its first two derivatives is

performed as described below:

Y =Y, xx “n SRS A V!
ntl - “n
y'=Yn+ " Yn
*n+l T~ *n
y''= 0.0
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5.1.7 SUBROUTINE STOICC

For each reaction this subroutine constructs two vectors of stoichio-
metric coefficients, one for reactants and one for products. Up to 10 reactants
and 10 products may be considered for each reaction. The total number of entries

in the resultant linear reaction table is 600 ,i.e. the sum of all stoichiometric
coefficients can not exceed 600.

5.1.8 SUBROUTINE TIMERX

This subroutine is provided to localize printing of computer execution
times during the calculations. This subroutine should be modified at each local
installation to provide proper interface with local system timing routines. This

subroutine calls a system subroutine named SEC@ND to obtain the current run ex-
ecution time in seconds. |
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", only to facilitate conversion of the program overlay for the CDC 6000 series computar

5.2 LEVEL ONE SUBROUTINES

5.2.1 SUBROUTINE LINKI10

This subroutine consists only of a call to subroutiqe TTAPE and is used
only to facilitate conversion of the program overlay for the CDC 6000 series com-
puter,

5.2.2 SUBROUTINE TTAPE

When a THERM{ directive card is read by the main program this subroutine
is called to generate a master Thermodynamic Déta tape (Logical Unit 25). The
input Thermodynamic Data is in curve fit form and is identical to that required for
the @DE computer program described in NASA SP-273, Reference 9. The format for
this curve fit data is described in the User's Manual, Section 6.1.

5.2.3 SUBROUTINE LINKIA

This subroutine consists only of a call to subroutine PR@BLM and is used

5.2,4 SUBROUTINE PRZBLM

This subroutine decodes the PRPBLEM card and sets the logical flags
L@DE, L@DK, LTDK, TDE, and the IDEAL GAS flag as required. The number of

zones (O/F ratios) specified is also decoded.

5.2.5 SUBROUTINE LTCPHS

This subroutine procésses the low temperature Cp, H, S Thermodynamic
Data extension input as described in detail in Section 6.1,
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5.3 @DE SUBROUTINES

The @DE subroutines described below form the computer program described
in NASA SP-273, Reference 9, The program has been modified to run as a subroutine
for up to 50 zones (defined by an @/F schedule) as required by the TDK program.
Brief analytical descriptions for the equilibrium calculations have been obtained

from Reference 9. For a complete description of @DE see Reference 9.

5.3.1 SUBROUTINE LINK20

This subroutine consists only of a call to subroutine @DES and is used
only to facilitate conversion of the program overlay for the CDC 6000 series com-
puter,

5.3.2 SUBROUTINE JDES

This is the main program for @DE and corresponds to the Main Program
described in Reference 9. Generally, the routine performs the following functions:

1. Reads code cards THERM@, REACTANTS, @MIT, INSERT and NAMELISTS
and directs flow of program accordmgly.

Stores THERM{J data on tape.
Calls subroutine REACT to read and process REACTANTS cards.
Reads @IMIT and INSERT cards and stores species names.

Initializes variables in namelist SZDE.

. Reads and writes namelist S@DE.

N G b W N

Converts assigned densities, if any, (RHO(I) in SQDE) to specific
volumes: VLM(i) = 1/RHO(i).

8. Stores the number of pressures or volumes in NP,
9. Stores values of o/f in XF array. If o/f values have not been inputted
directly, they are calculated as follows:
Values ‘ Code o/f calculation in main progi
Oxidant to fuel weight ratio, o/f @F = .TRUE. @XF(i) = o/f
Fuel to air weight ratio, f/a FA = ,TRUE. FXF(i) = 1/(t/a)
Percent fuel, %F FPCT = ,TRUE. @XF(i) = (100-%F)/(%F)
@ 4@
Equivalence ratio, r ERATIZ = , TRUE. @XF(i) = ) ]
rv + V+( )
} _ - WP(l)
Not specified » . IXF(i) WP —

Values of WP(1) and WP(2) are definéd in appendix B of Reference 9.



) - 4. N . S -
10. Makes necessary adjustments to consider charge balance if IgN
M .TRUE.. This is done by adding 1 to NLM and E to LLMT array.

11. Calls SEARCH to pull required THERM{ data from tape and to store
the data in core.

12. Sets initial estimates for compositions. These estimates are set
with each $@JDE read. They are used only for the first point in the
lists of variables in namelist (e.g., the first o/f and the first T
and P in a TP problem). All succeeding points use results from a
previous point for estimates.

For the first point the program assigns an estimate of 0.1 for n, the
total number of kilogram-moles per kilogram. The initial estimate of number of
moles of each gaseous species per kilogram of mixture nj is set equal to 0.1/m
where m is the total number of gaseous species. Condensed species are assigned
Zero moles.,

13, Sets IUSE() posiﬂVe for condensed species listed on INSERT cards
(see IUSE array).

14, Calls THERMP if TP, HP, SP, ™V, UV, or 8V is true.

15, Calls DET@N if DETN is true.

16, Calls SHCK if SHZCK is true.

17. Calls RPGCKET is RKT is true,

5.3.3 SUBRQUTINE CPHS

Q
‘ o H
o This subroutine evaluates the thermodynamic functions —-C—% , -—R%- .

RT from the curve fit coefficients. Two sets of coefficients are used for two
adjacent temperature intervals. The functions evaluated are presented below:

T 2 3 4

= =a1+a2T+a3T +a4T +a5T N
H°, a,.T a T2 a T3 a T4 a
T =g. + 2 + 3 + 4 + S + 6
RT 1 2 3 4 5 T
SOT a3T2 a¢4T3 'a5T4
i =3a, lnT+a2T+ > + 3 + 2 +a7
Gy _E
RT RT R

: When the temperature falls below the lower limit of the curve fit coefficients,

__‘the above thermodynamic functions are obtained via linear interpolation from -
€ input for subroutine LTCPHS. '
;
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5.3.4 SUBROUTINE DET@N

This subroutine does the calculations required to obtain Chapman-Jouget
detonation properties as described in the section CHAPMAN-JOUGET DETONATIONS
of Reference 9. The calculation involves a Nevs‘/ton—Raphson_ iteration to determine
detonation conditions in addition to the iteration for determining equilibrium com-

positions.

5.3.5 SUBROUTINE EFMT

Subroutine EFMT (E-format) writes statements in a special exponent forin.
This form is similar to the standard FORTRAN E—fofmat, but the letter E and some of
the spaces have been removed for compactness, It is used to write density and
mole fractions with the TRACE option,

5.3.6 SUBROUTINE EQLBRM

EQLBRM 1is the control routine for the equilibrium module which cal-
culates equilibrium compositions and thermodynamic propérties for a particular
poiui. A free-energy minimization .technique is used. The program permits
calculations such as (1) chemical equilibrium for assigned therrhodynamic’states
(T,P), (H,P), (S,P), (T,V), (U,V), or (S,V), (2) theoretical rocket performance
~ for both equilibirum and frozen compositions during expansion, (3) incident and
reflected shock properties, and (4) Chapman-Jouguet detonation properties., The
program considers condensed species as well as gaseous species. A detailed
description of the equations and computer program for computations involving
chemical equilibria in complex Systems is given in Reference 9. Figures 4(@)
through 4(c) of Reference 9 gives a complete flow diagram for this subroutine.

S5.3.7 SUBROUTINE FRGZEN

Subroutine FRZZEN is called from subroutine RPCKET to calculate the
temperature and thermodynamic properties for the following assigned conditions:

1. Composition frozen at combustion conditions.

2. An assigned exit pressure,

3. An assigned entropy equal to the entropy at combustion conditions,
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_..,\\ The iteratlon proccdure used for obtaining the exit temperature is discussed in the
section Procedure for Obtaining Frozen Rocket Performance (p.40, Reference9).
If a temperature is reached 50 K below the range of a condensed combustion
species, calculations are sfopped and control is returned to RGCKET where a

message is printed and data for all preceding points are listed.

5.3.8 SUBROUTINLE GAUSS

Subroutine GAUSS is used to solve the set of simultaneous linear iteration
equations constructed by subroutine MATRIX. The solution is effected by perform-
ing a Gauss reduction using a modified pivot technique. In this modified pivot
technique only rows are interchanged. The row to be used for the elimination
of a variable is selected on the basis that the largest of its elemehts, after
division by the leading element, must be smallef than the largest element of

the other rows after division by their leading elements,

The solution vector is stored in X(k). In the event of a singularity,
IMAT (which is equeal to the number of rows) is set equal to IMAT - 1. IMAT is
tested later in subroutine EQLBRM.

/ 5.,3,9 SUBROUTINE HCALC

The purpose of HCALC is to calculate thermodynamic properties for
reactants under certain circumstances. HCALC is called from entry NEW@F
of SAVE and DET@N.

HCALC is called from NEWQ@F when CALCH is set true, CALCH is set
true in the main program when zeros have been punched in card columns 37 and
38 on one or more REACTANTS cards. The zeros are a code indicating that the
enthalpy (or internal energy for UV problems) for the reactant should be calculated
from the THERM{ data at the temperature punched on the card. 'I'hi‘s témperature
has been stored in the RTEMP array. CPHS is called to calculate the enthalpy.
The value is sorted in the ENTH array and printed in the final tables.

The properties calculated in subroutine HCALC, their FORTRAN symbols,
and the conditions for which they are used are as follows:
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Property FORTRAN symbhol Equation _
M KT "HPP (k) (192) SHYCK problem. DLTN problem with T sched
. _ HP, RKT, or DETN problem if 00 in cc 37 anc
hO/R HSUBO (193) SHJZCK problem. DETN problem with T sched
HP,'RKT, or DETN problem if 00 in cc 37 anc
U k)T HPP (k) (194) UV problem if 00 in cc 37 and 38
ué)/R HSUBO (195) UV problem if 00 in cc 37 and 38
Mo AM1 (197) SH@CK or DETN problem
m EN() (205) SHPCK problem
z ° CPR1 (206) SH@CK problem
4 o S0 (207) SH@CK problem

The quantity m; was deliberately subscripted differently from EN(j) to
allow for the fact that the same compound may have a different index as a reactant
than as a reaction species. Thus, for example, O2 (g) might ‘
be the third reactant read in from REACTANTS cards and also the tenth species read

in by SEARCH, In this case m, would be stored in EN(10).

5.3.10 SUBROUTINE MATRIX

This subroutine sets up the matrices corresponding to tables I through
IV of Reference 9. The assigned thermodynamic state being set up (tables I and
II) is specified by the following codes:

Assigned ' Codes
thermodynamic

state

TP TP = ,TRUE. VOL = ,FALSE. CONVG = ,FALSE,
HP HP= ,TRUE, VOL = ,FALSE., CONVG = ,FALSE.
SP SP = ,TRUE. VOL = ,FALSE, CONVG = .FALSE,
™v 1 - TP = ,TRUE. VOL = ,TRUE, CONVG = ,FALSE.
uv HP= ,TRUE. VOL = , TRUE, CONVG = ,FALSE,
SV . SP = ,TRUE. VOL.= TRUE CONVG = ,FALSE. |

' After convergence of any of the previous six probelms, setup of’ the
derivative matrices (tables III and 1V) is specificd by the following codes:
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Derivative Codes
DLVTP CONVG = ,TRUE, LOGV = ,I'ALSE,
DLVPT CONVG = ,TRUE., LOGV = , FALSE.

5.3.11 SUBROUTINE @JUT1

This subroutine, together with entries GUT2 and Q@UT3, writes state-
ments common to all problems. @UTI writes statements giving the data on
REACTANTS and on o/f, percent fuel, equivalence ratio, and density,

Entry GUT2, - This entry writes the statements for printing values of
pressure, teinperature, dentity, enthalpy, entropy, molecular weight, (3 1n V/3
1n P)T (if equilibrium), (3 In V/3 1n T)P (if equilibirum), heat capacity, ¥g. and
sonic velocity., These variables and corresponding labels are printed with a
variable format described in BLGZCK DATA.

Entry JUT3, - Entry GUT3 writes statements giving the equilibrium
mole fractions of reaction species.

5.3.12 SUBROUTINE REACT

The purpose of subroutine REACT is to read and process the data on the
REACTANTS cards, The subroutine is called from the main program after a REACTANTS
code card has been read, The data on these cards are described in the REACTANTS
Cards section (p. 62) of Reference 9. References to page numbers and equafions
given below also pertain to Reference 9.

The reactants may be divided into two groups according to card column
72 on the REACTANTS cards. The two groups are oxidants (O in cc 72) and fuels
(cc 72 # O). We generally keypunch F in card column 72 for fuels even though
this is not necessary. The contents of card column 72 are read into F@X. De-
pending on the contents of FgX, program variables relating to oxidants or fuels
are subscripted 1 for oxidants and 2 for fuels.

The FORTRAN symbols for the properties read from the REACTANTS cards
and their associated properties (discussed in INPUT CALCULATIONS, p. 55 of Ref-
erence 9) are as follows:



Property FORTRAN symbol
i‘;‘) ANLM(,m)®
j(k) PECWT() (if no M in cc 53)
Nj(k) PECWT(j) (if M in cc 53)
(HO )(k) ENTH(j) (if not UV problem and 00 not in cc 37 and 38)
(U° )(” ENTH(j) (if UV problem and 00 not in cc 37 and 38)
(k) DENS(j)

9Each of the j REACTANTS cards contains from 1 to 5 stoichiometric

coefficients.read (indicated by subscript m) into ANUM(,m) and their

corresponding chemical symbols read into NAME(j,m). In relating an
“ANUM(, m) with ai(?), the index i associated with a particular chemical
"element is determined from the chemical symbol in NAME(j,m).

If there are several oxidants their properties are combined by subroutine
REACT into properties of a total oxidant using the relative proportion of each
oxidant given on the REACTANTS cards. Similarly, if there are several fuels,
their properties are combined into properties of a total fuel. The total oxidant
and total fuel properties discussed in INPUT CALCULATIONSgand their associated
FORTRAN symbols are as follows:

Property FORTRAN symbol Equation

b i(k) BOP (i, k) (187)

Mj(k)' RMW (j) (190)

F &)y HPP(k) (if not UV problem and 00 not (192)
in cc 37 and 38)

U K)p HPP (k) (if UV problem and 00 not in cc (194)
37 and 38)

m& AM (k) (196)

o) RH (k) (198)

ytk) VPLS(k)  (200)

.‘(k) VMIN(k) (201)

REAC
w(k/N w(k’ PECWT())




-

AAAAA

If any of the oj(k) are zero then RH(1) = RH(2) = 0.

These total oxidant and total fuel properties are subsequently com-
bined into total reactant properties by using the values of oxidant-fuel mix~
ture ratios obtained from the main program. Th‘is is done in NEWJF, an entry
in SAVE,

Other common variables set by REACT are LLMT, NAME, ANUM, ENTH,

- FAZ, RTEMP, FOX, DENS, RMW, M@LES, NLM, NEWR, and NREAC.

A provision is made for eliminating a second tape search when two con-
secutive sets of REACTANTS cards contain the same elements. This is done by
saving the element symobls (LLMT(4)) in LLMTS(¢), the kilogram-atoms per kilo-
gram (BOP(¢,k)) in SBOP(¢,k), and the number of elements (NLM) in NLS.

Atomic weights I\/I1 used in equation (190)9are stored in AT@M(2,i). The
corresponding chemical symbols are stored in AT@M(1,i). The oxidation states
of the chemical elements V:— or Vi_ used in equations (200) and (201) are stored
in ATgM(3,1). The AT@M array is stored by BLZCK DATA.

5.3.13 SUBROUTINE RKTZUT

This subroutine calculates various rocket performance parameters from
previously calculated thermodynamic properties. '

It is also the control program for writing rocket performance output, It
contains the WRITE statements that apply specifically to rocket parameters and
it calls subroutine JUTI and entries @GUT2 and GUT3 for the WRITE statements com-
mon to all problems. The rocket parameters are printed with the variable format,
FMT, described in BL@CK DATA,

Subroutine RKT@UT is called from subroutine RGCKET.

5.3.14 SUBROUTINE RZCKET

This subroutine is the control program for the RKT problem (rocket per~
formance calculations discussed in section RGCKET PI—IRFORMANCE).9 A flow
diagram for this subroutine is given in Figure 5 of Reference 9. Subroutine

RPCKET obtains the requifed thermodynamic properties for equilibrium performance
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by calling subroutine EQLBRM. For frozen performance, subroutine RJCKET calls
subroutine FRBZEN to obtain the required thermod ynamic properties. Rocket per-
formance parameters are then obtained by calling subroutine RKT@UT. In addition
to calling RKTGUT and FRGZEN, and in addition to using controls common to all
problems (discussed in section MODULAR FORM OF THE PROGRAM, p. 75,
Reference 9) subroutine ROCKET also does the following:
' 1. It reads and processes the input data in RKTINP namelist,

2. It calculates estimates for throat pressure ratios.

3. It calculatec estimates for pressure ratios corresponding to assigned
area ratios (if any).

5.3.15 SUBRQUTINE SAVE

This subroutine has several functions, all of which are concerned with
saving some information from a completed calculation for subsequent use in later
calculations. The primary purpose is to save computer time by having good initial

estimates for compositions.

These estimates for the next point, NPT, come from either the point just
completed, ISV, or some, other previous point. The flow of the routine is directed
by ISV as follows: v

1, ISV positive. Transfer compositions for point just completed for use as
Initial estimates for next point (transfer EN(j,ISV) to EN(j, NPT)).

2. ISV negative. Save values of ENLN(j) for gases and EN(j) for con-
densed in SLN(j), ENN in ENSAVE, ENNL in ENLSAV, IQ1 in IQSAVE, JS@L in
- JS@LS, JLIQ in JLIQS, and NLM in LL1. (Thesc values are saved because they .
are to be used as initial estimates for some future point and they may be over-
written in the meantime.) Make ISV positive and transfer EN(j,ISV) to EN(,NPT).

3. ISV zero. Use the data previously saved (as discussed in 2. as
Initial estimates for current point. Restore IUSE codes and inclusion or exclusion
of "E" as an element for IZNS option.

Entry NEWJF. - NEW@F combines the properties of total oxidant and
total fuel calculated in subroutine REACT with an o/f value to give properties for
the total reactant, NEWOF is called for each mixture assigned in the MIX array in
S@DE namelist. It is called from either THERMP, RGCKET, SHCK, or DETON. The
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calculated propertics and corresponding FORTRAN symbols are as follows:

Property FORTRAN symbol | Equation
by BO (i) (191)
ho/R HSUBO (if not UV problem) (193)

u /R HSUBO (if UV problem) (195)
o, RHQ@P (199)
r EQRAT (204)

Subroutine HCALC is called by Entry NEWJF to calculate the enthalpies
for each reactant that has zeros keypunched in card columns 37 and 38 in its
REACTANTS card.

Values of HPP(2), HPP(1), HSUBO, BOP(i,2),BOP(i,1), and BO(i) are

.printed out.,

. 9.3.16 SUBROUTINE SEARCH

This subroutine selects the Thermodynamic Data to be used in the
probelm. A scan is made of the master Thermodynamic Data tape and those
species that are consistent with the chemical system under consideration are
selected. As the thermodynamic data are being selected, the subroutine also
complies a set of formula numbers, aij' from the formulas of the reaction products.
A short Thermodynamic Data file is also generated for use in subsequent calcula-
tions (multizone).

A check is made near the beginning of the routine to prevent THERM{
data from exceeding their storage allotments. These variables are all in labeled
common SPECIES and are currently dimensioned for 150 species. However, this

- dimension may be reduced to save storage,

SEARCH is called from the main program when the logical variable NEWR
is true. NEWR is set true in REACT to indicate a new chemical system. REACT
also stores chemical element symbols for the current chemical system in the LLMT
array., SEARCH stores THERM( data in core for each species whose elements are
included in the LLMT array (unless the species namec was listed on an @MIT card).
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~ The THERM{ data are stored in common variables TLGW, TMID, THIGH,
SUB, A, CQEF, and TEMP, SEARCH writes out the names and dates of species

whose data are stored in core,

SEARCH initializes the IUSE array. IUSE(j) for gaseous species are
set equal to zero., IUSE(j) for condensed species are set equal to negative in-
tegers. For the chemical system under consideration, the first possible con-
densed speccies is set equal to -1, the second to -2, and so on, with one ex-
ception. In the event there are two or more condensed pahses of the same species,
each phase is given the same negative integer. Thus, if IUSE()) for BZO3 (9) is
set equal to -4, for example, IUSE(j) for BZOS (s) will also be set equal to -4. A
description of the IUSE array is given below.

The various condensed phases of a species are expected to be adjacent
in the THERM{J data as they are read from tape. These phases must be either in
- increasing or decreasing order according to their temperature intervals,

) NS contains the total number of species stored in core, NC contains
the total number of condensed species (counting each condensed phase of a

species as a separate species).

. IUSE array. - Each value in the IUSE array is associated with a species.
These values of IUSE serve two purposes: '
| 1. They indicate which species are to be included in the current fteration
(IUSE(j) < 0 for excluded species and IUSE(j) 2 0 for included species).
2. They indicate multiple phases of the same species if absolute values
of IUSE(j) are equal. |

The IUSE(j) are initialized in subroutine SEARCH and the main program
as follows: '

1. IUSE(j) = 0 for all gaseous species.

2. IUSE(j) = n for all condensed species whose names have been listed

th condensed

on INSERT cards. The number n indicates the species was the n
species whose THERM{ data were read from tape.
3. IUSE(j) = -n for all condensed species not listed on INSERT cards

where n is defined in 2.

These initial values of IUSE(j) may be adjusted later in subroutine
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™ EQLBRM, For condensed species, the sign is adjusted as species are included

or excluded in the current iteration.

For the I@NS option, IUSE(j) values for ionic species are set to -10000

when the mole fractions of all ionic spe'cies are less than 10—8.

5.3.17 SUBROUTINE SHCK

Subroutine SHCK is the application module for the SH@CK problems.
It calculates the shock parameters discussed in the section "INCIDENT AND
REFLECTED SHOCKS". It reads and processes the input data in SHKINP namelist.
Depending on which options are specified, it calculates incident shock conditions
based on compositions frozen at initial conditions and/or based on equilibrium
compositions after shock. It also calculates, based on specified options,
frozen and/or equilibrium reflected shock conditions relative to equilibrium
and/or frozen incident shock conditions.

5.3.18 SUBROUTINE THERMP

This subroutine is the application module for TP, HP, SP, TV, UV and
- 8V problems. Common variables which must be set according to the assigned thermo-
dynamic states are given in the section Application Modules (p. 76) or Reference
9. For these problems, the variables TP, HP, SP, S0, and V{@L are set or read
in subroutine JDES. HSUBO is set either in SAVE (entry NEW@F) or HCALC. The

general flow of the routine is given in figure 3 of Reference 9.

Indices run from 1 to NP both for assigned pressures P and assigned
volumes (V in ®DE and VL in THERMP). Indices run from lto NT for assigned
temperature T. NP and NT are set in the subroutine @DES.

5.3.19 SUBROUTINE VARFMT

Subroutine VARFMT (variable format) adjusts the number of decimal
places printed in F—format in the variable format, FMT, according to the size of

the number. It is used for Pc/Pe' P, and Ae/At" Variable format is described
in BL@CK DATA. |



5.4 @DK SUBROUTINES

5.4.1 SUBROUTINE LINK30

This subroutine consists only of a call to subroutine @DK and is used
only to facilitate conversion of the program overlay for the CDC 6000 series com-
puter,

5.4.2 SUBROUTINE @DK

This subroutine acts as the driver for the one dimensional kinetic

expansion calculation (@DK).

5.4.3 SUBROUTINE C@AHNVRT

This subroutine converts input data from the externally input units
to internally used computation units. In order to conserve computation time
during the kinetic expansion, parameters such as molecular weights, are in-

cluded in these conversions. Primed numbers are input quantities.

a) Reaction rate ratio input for reactions requiring third body terms
units: unitless '
internal units: (lbs-mass/lbmmole)”1
formula: XMMj,i = XMM].'i/Mwi

b) Pre-exponential reaction rate parameter
input units: cm, %K, g-mole, sec
internal units: ft3, °R, lb-mole, sec

. (.0160183) - 1.8y

Mw, ST

=" S.

Where )\ depends on the order of the reaction.

5.3
and .0160183 = =331 310 ft

1 cm | 2.2-10°

1 g-mass
3

‘lbs-mass
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c)

d)

e)v'

Exponential Term:

input units: kcal/mole
internal units: °R
formula: bj‘=b3 + 905.770

where 905.770 = 2000 cal 1

1.8°R

1 kcal 1.98726 cal/mole-"K

Equilibrium Constant Multiplicative Factor:
Input units: not input
“internal units: (lbs-mass) - °R/ft3

1.0°K

formula:
n
.l=]1 M’wiv
DATEF(]) = —=
n
mn Mwi”ij'- 0.73034
= ft ~poundals 1 .atmos
where .73034 = 49,721.011- (lbs-mola) SR " 5059, 59 poundals/ft
Pressure:

input units: PSIA
internal units: poundals/f‘c2
formula: P=P' . 4633.056

where
2
4633.056 = .léiiz& + 32,174 £
1ft sec

The initial reference enthalpy is computed using

2

Zch +-——-—
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5.4.4 SUBROUTINE DERIV

This subroutine computes the total derivatives f, and the partial

i
derivatives Bij described in the analysis presented in Section 3 of this

report.

The implicit integration method used to integrate the differential

equations governing the chemical system, i.e.
| R . —
Yi _fi(XIYII o o °YNSP+3) j.""l, ¢« v oy NSP+3
where the variables .

¥; v i=1, . . ., NSP+3
are V. p, T, C, i=1, . . ., NSP
respectively, requires evaluation of the Jacobian of the system, i. e.

_ 25 ' i=1, . . ., NSP+3
Bij | |

j i=1, . . ., NSP+3

Subroutine DERIV computes only certain of the Bij (those taken
with respect to Ci)' and the others are computed in subroutine FLU.

" Also calculated by DERIV are the reaction rates,. kj; and the net

production rates, Xj .

- The generalized chemical reaction which is handled by this sub-
routine is defined by: E

NSP NSP
=1 Yy M? 0T v M

where Mi represents the ith chemical species.

The reverse reaction rate constant is defined by the equation:

kj SK(]) =a, T % - exp (-bj/T)

The net production rate for a reaction is given by:

X, X ( PPy I}I1SP "’n‘]
i =15 =G 4G 'kj'MJ‘



™ where: A depends on the order of the reaction*
NSP |

= i2=:1 XXMM « C, forreactions requiring a third body

w'ith M i 4

j

-

and Mj =1 for all other reactions

The net individual species production rate is given by the equation:

)4
dc,
i “K - 2 g -
& PNO =K & ¥, X
where:
-]-(-i:.-(Mw -p.r*)/v '
=y -
b1y =Vij T Yy

The partial derivatives of the net species production rate with

-,

anAd +h
anl u

(]

- respect to: the chemical species; the gas velocity; the gas density;

—y gas temperature are: ‘
' _ oX,
B(Cklci) BT(IIK) = Ki ® j=l aci i = 1., e o o g NSP
' k=1, .. ., NSP
| ' p 96
B(Ci,V) PHI(I,1) = -~ vV o - i=1], ..., NSP
C dC. X,
S Wt S D D B
ﬁ(cil p) PHI(I, 2) p dx ‘ + Kl j=l ap 1= 1' e o v g NSP
£
X,
o X Z —l = ]
ﬂ(Ci,T) PHI(I, 3) Ki j=1 3T i=1, . .., NSP

* )\ = I%P (V'ij - Vij) so that A =0 for binary exchange, A = 1 for most

i=1
dissociation recombination reactions.



The subscript notation used above is:

NSP

i

[l

Species subscript
Reaction subscript
Total number of chemical reactions

Number of reactions requiring third body terms

Total number of gaseous species
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-~ 5.4.5 SUBROUTINE ECNV

This subroutine translates a BCD string of characters, into one
floating peint numeric value. E,I, and F formats are permitted with the
result always a floating point number. It is called by subroutine REAXIN to
decode numeric fields in the species and reactions cards. The subroutine
s coded entirely in FORTRAN. A BCD string of blanks will result in a floating
point zero returned value.

5.4. 6 SUBROUTINE EF

This subroutine computes equilibrium constants, Kj’

£y

n n
K, EK() = PAT?Eme : exp[—- b) Ft, -y, + 2 Ft, '..}

also computed are

. n n
Ht, Ht,
dK 2 T .!’1j+.ET{—l‘.v5j K
gk, =l Ry =R K
gt DKI() T T T AT

where: Pti = species free energy at the current tempefature
Hti= species enthalpy at the current t.embe‘rature

DATEF (J) = is defined in section 5.4.3
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5.4.7 SUBROUTINE FLU

This subroutine compute\s the total derivatives fi and the partial
derivatives o and 8 i for th»e fluid dynamic equations. While the flow is
subsonic, pressure defined fluid dynamic equations are used. When the
flow becomes supersonic, area defined fluid dynamic equations are used.

The summation terms, energy exchange term B, the diabatic heat addition term
A, the Mach number, and all the partial derivatives of these terms are com-
puted. For a subsonic integration the pressure and its derivatives are obtained
from the subsonic pressure table. For a supersonic integration the area ratio

and its derivatives are computed from the input geometric constraints.

The calculations logically fall into three types: a) Those done for
all integrations; b) Those done only for subsonic integration; c) Those done
only for supersonic integration. The following will adhere as closely as

possible to a sequential description of the computations.

The operators & (i,1) , 1=1,2,3 are defined as

It

& (i,1) g (C, .,V

8,2 = g(C,. 9

®(1,3 = g(C;, D
: dCi
The total derivatives, f St fori=1, .. .,nare computed as
*
P ¥
i~ pV

where n is the total number of species, NSP.

For an ODTDK problem, tables of Cp, R, AA, BB, as functions of
temperature are written on logical unit JANAF. A
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. w\._ Computation of the Summation Terms and their derivatives:

First Summation

Sl

S1
%—31— DS1V
981 DSL1RZ

p
9—%1— DSL1T
-a-sél— DS1C(I)

Second Summation

S. S5z

%’3‘2‘ DS2v
%—fﬁ DS2RG
g%‘g' DS2T
22 DS2C (1)

-

i

i

* R1 is the gas constant/molecular wt. of speciesi

n dC
1. s L.
R 1‘>‘=’1 xR
1.5
R =1 §(1 n R
1.5
R )R
n .
1.5 .
RE ™
n
1. R 7=
- "=l 3(01'01) Rj>SI RIJ i=1,...,n
n dC
1 5 i h
R:T i=1 dx gl
1.5
Rt & YoM
n
1 o
R’-uz-—?l §(x,z)' h
n dac
1 ~ i S2
S . — | - 24
R.TiE Aa.3) Mt ax Cpl] T
-h
;] -8 ﬁ(Cj,Cl) {
E.L =1 T Sz lel—lle Q'n



Computation of the Energy Exchange Term B and its Derlvatives:

B BB = Xzl g
y

3B _ y=1 382

%—5 DBBRY - =L . 382

P Y p

3B _ y-l , 3s2 52 | ¥

3T DBBT = % T t 7 3T

y
°B - Y=l 9s2 S2 Y =

A AA = §1-B

'2‘% DAAV = %%‘1" - ‘3‘3

-g-i—‘ DAARY = .%S;;l‘ - %f}

20 oo = -3

_gjél DAACH) = .g_%l_i - sa—g; i=1, ...,n
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Computation of the Mach number and its derivatives: -

2 | v2
M XM2 = SR
2 2
IM _ 2.M
e DM2V = £
am® e oML M 2y
T T Y oT
—B-M-Z pM2CEH) = - ME. 2. L +Ei——' {=1,....n
3C, L3C, v R J

For the subsonic portion of the nozzle, pressure defined fluid dynamic
equations are used. The pressure, and its first and second derivatives are
" computed via interpolation in the pressure table generated by subroutine PRES.

The Subsenic Gas Velocity derivatives are computed:

dv P, 1 dp

@ TMa =% i
a[PNX l ] AL(l) - o _]_'___ ° _di_P-
dx T pev 2

dx

S WO <\ A

: ’ [ ..]J.. o ,(_i!

B(V.p) BETA(1,2) 0 dx

The Subsonic Gas Density derivatives are computed:

-d—g- = .r—d;g . -nl- - ‘1
ax TN Priax Ty A
dx y'P L 2 dx ./ P]
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B(p.V)

Bp.p)
B{p,T)

ﬁ(p,ci)

3
BETA(2,1) =- p “5%
. 1 dp 3A

BETA(2,2) =~ ° * IR

oA ' dy dP
BETA(2,3) == p o2 - FP?ZS%Z;

3 dp dA
BETA(2,143) == 2 - 2% . SL_ o287 o,

' YZP 301 dx ac1

The Subsonlic Gas Temperature derivatives are computed:

515

alal;‘cNXB!] AL(3)

B(1.,V)

B(T,p)

B(T, T)

B(r,C)

FNX(3)

BETA(3,1)

BETA(3,2)
BETA(3,3) =

BETA(3, 143)=

Ty-1 1 dp -

T Ly P ax "B
y-1 .1 . rde _aryf 1
y P L g2 \ax/ " P |
3B
T r
3
T 3:]
: P
L. dT 1 dp 3y _ ., 3B
T ax * T2 ax ar ~Tar
¥ P
T W T
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For the supersonic portion of the nozzle, area defined fluld dynamic
equatlons are used. The area ratlo, and its derivatives are computed according

to the Input geometric constraints.

-

Area ratio and its derivatives: ,

1) On the circular arc of radius Rd‘ (input item RWTD) defining

the downstream throat region, X < Xtangent

| 2
1/2
- _ 2 _ 2\
a 1+Rd (Rd_ x)
da _ 2x . (2 2\1/2
dx S g\ 1/2 [1‘”}1"(*% "‘) ]
(u*-+) |
dza= 2 + 2x2 14R . 1/2
dx? L2 2\? . 2\ 3/2 d (Rd-\> ]
d ~* d~ *
.\ 2
+ £X
Rd2=x2

2) Por a conlcal nozzle and X> X
tangent

.tan
a 0;

[~V TN
% jw
i
N
Lot
(23
o +
/\ .
ae .
]
ﬁx re
S’
[
[)
o
(0]
(23
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3) For a contoured nozzle and X > X
g tangent

a

da _ dy

dx = 2:Y 5

d%a o nd%y rar N2
2 - Z'LY 2 +ax

dx dx

where Y, dY/dx, sz/dxz are computed via Interpolation in the table of
| derivatives of the input wall table generated in Subroutine SLP.

The Supersonic Gas Veloélty derivatives are computed:

dv \'i ~1 da Bl
-— FNX(1) = Y., Lda _,
dx Mz-l La dx J
2 2
a[rNx(1)] v 1 ~da 1 -~ da~N""
AL(1) - L. . l.rde 1.7
ax Mz_l a dez a \ dx _
: 1 av 1 dv  am?
B(V,v)  BETAQLLL) = '§ " g5 " T2 L o
M“-1
A A %A
M2-1 FY';
A
B(V, p)  BETA(1,2) =_-12- . 2
M“-1 P
- 2
9 )
B(V.T)  BETA(1,3) =- ——é—— : % : M{W ) V; . a?
M -1 . M-l
v 2
B(V’CL) BETA(l ’1+3) =T _12—- ) -(di—}vé . ghCA - v2 ) gé 1=1....,n
M -1 i M™-1 i _
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The Supersonic Gas Density derlvatives are computed:

ge FNX(2)
b[Fal\’ch(Zl] AL(2)
B(p,V)  BETA(2,1)
Blp.p)  BETA(2,2)
B(p.T) BETA(2,3)
B(p,C)  BETA(2,1+3)

I

i

The Supersonic Gas Temperature derivatives are computed:

&15

FNX(3)
a[gal}\rgx(m AL(3)
B(1.V)

BETA(3,1)

| B(T.p) BETA(3,2)

1

it

2
- _M 1. da _ O B
- Pl M2 V@ dx A)+A_]
oo 1 rdla 1y
Mz_l a dez. a \dx./ i
1 ~1 da .~ 3MZ 1 3AN
Loz Na ax Ay e v
(M-1) M“-1 -
1. do |, 0o, 23A
p dx Mz-l dp
STl -1 da _A>..6.M2.+ 1 3A7
L(MZ_I)Z \a dx AT Mz_l a'r_g_
2
- 1 71da \IM 1 3A O
p o ToT FA )=+ S,
L aa?-1)? 2 dx 3G, 123G, |
1=1'nc ln
: M2 1l da ~
—I“[(‘y-l)» = - A +Bs
Mz_l a dx /
e g e
Mz_’l a dez a dx /
2 . 2
‘; y=-1 -1da A) M+7 LMo 3A 3BT
\ - :
Mol)z a dx AV M2Zop OV AV
| M2 a3A 3BT
r [y 2 24287
4 M2o1 %° Qe

S0



g(T,T)

B(T, 01)

it

BETA(3,3)

-~ oy -
BETA B,143)= T., t5— (2
. [
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™™ 5.4.8° SUBROQUTINE GTF
| This subroutine computes the effective gas constant, gaseous heat

capacity, v, 3y/3T, 3y/d C1 from the following formulae:

NSP
R = Z C,- R
1=
NSP
Cp = U C," Cp,
i =
- Cp.
L4 Cp-R
NSP d3C
oA 232 ) M s S it
9T Cr =1 i oT
~ R Cp
o A _ A S T _
3C y- @r-1) { R Cp {=1, 44..,0
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5.4.9 SUBROUTINE JAUX (HL, H, QK, RK, IX)

This subroutine performs implicit integration according to the
method discussed in Section 3. The increments for the chemical species
concentrations and the fluid dynamic variables at the forward point are cal-
culated by solving the appropriate implicit finite difference formulas. Subroutine
IAUX also performs explicit integration, using a modified Euler method, when
the gas temperature falls below an input value.

The calling sequence parameters are:

HL - last integration step size

H - current integration step size
QK - last increments for variables
RK -~ computed increments for variables
JK - 1 initial 3 steps
2 general step
3 special step
4 restart step

. and partial derivatives, B, at the

The total derivatives, f, .
1 P3RS

n
’
back point are calculated in subroutines DERIV and FLU.
The special step calculation is used at print stations, in halving
the step size if required, or for integrating to specific calculation stations, If
the special step calculation is used to determine the properties at a print station,
the calculation is resumed using the general step calculation and the previous

- step size.

After each integration step, subroutine IAUX obtains the derivatives

at the then current axial position.
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For implicit integration the equations used are:

Initial Step and Restart

[ o I

k. = | f + a, h+ B, . k. *h
i,1 i,o i,o =1 i,j,o i,l

J

General Step

N _
1
S[Li,n+ 2 (fi’n+ 35 +'§1 8 1,j,nkj,n+1) h]

kiontl =
3

Special Step
2
h
- n+1 N
i,n+l (2hn+l+hn)-hn k i,n’ '[fi,n + 0li,nhn-l.-l

Tk

h
) .
i,j,nkj,n+l} 7 thy)

N
+Z B
= n+l

j=1

For explicit integration the above equatidns a_ré used deleting the
partial derivative terms « arid 8.

If the TDK problem directive was selected, gas tables for the Transonic

Analysis Subprogram are written on logical unit ITSTAB.

If the option to generate input tables for the Turbulent éoundary Layer
Nozzle Analysis Computer Program was selected, tables of M, P/Pc, T/T. Cp. V.p
are tabulated using subroutine TABGEN.



5.4.10 SUBRQUTINE INT )
Provides control for the implicit Integration procedure, determines

the proper set of nonhomogeneous equations to solve, and, after each

integration step, computes the next Integration step size according to

the followlng relations:

-2k, +k

k. ,
h ., =2h > i,ntl i,n i,n-1 8
n+2 n+1 3k - Kk < 1o
i’n+l i,n
MAX
h =i . =2k, 4k
nt2 2 n+l’ i,nhl i,n i,n-1 | > &
i a1 T Ky
LIAX
y } ,
h = h N .6__.. < i,nt+l Zki,n + ki,n—l < é
i,ntl i,n
a MAX

On option, (JF=1) only the fluld dynamic variables are used In

(&)
O

B
- la -

determining the next Intcgraticon ctep
If the step size Is halved for the fourth step, the integration is re-
started using one-half the original step size. ‘

"The correspondence between equation number and physical property

1s: _
Equation Number '  Property
1 Velocity of Gas
2 Denslity of Gas
3 Temperature of Gas
4 -+ NSP+3 Gaseous species mass fraction

(1 4+ NSP) corresponds to (4 -+ NSP + 3)

When the flow is supersonic, continuity is used to control the integration step
size to insure that:

(pVvA) - { pVA)
N+1 N < CONDEL

where C@NDEL is an input relative criterion.
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A3

™™ 5.4.11 SUBROUTINE LESK (¥)

o This subroutine is a single precision linear equation solver which is

used to perform the matrix Inversions requlréd by subroutine IAUX. Gaussian
elimination Is used with row Interchange takipg place to position maximum

plvot elements after the rows are Initially scaled.

5.4.12 SUBRQUTINE MAIN1D

This subroutine provides the overall logic control for the one~dimen-~
sional kinetic exbansion. The following functions are controlled: |
1) Varlable initlalization

2) Option to start the kinetic expansion from equilibrium
throat conditions

3) Controls of the integration to hit svecifi¢ area ratios, the nozzle
throat point, the nozzle tangent point, and the requested end point

4) Controls of the switch from the subsonic pressurezdeﬁned equations
to the supersonic area defined equations when (M™21.02)

5) Controls the switch from implicit to explicit integration.

For the normal mode of cperation of the pregram, thic subrot
the throat in the following manner:

The gaseous mass flow per unit area (ov) is calculated and stored as a
function of nozzle axlal location for the present and past integration step. When

(pV)n 4 < (o V)n

th
where n refers to the n Integration step, the throat location is calculated from:

2. . 2 7
x -X ) [(.OV)n_H_-(DV)n] + (X X)) [(DV)n-(rN)n;lj

Xk =X+ -
2 - [(xn+l°xn) ) -L(pv)n-(pv)n__l] ﬁ(xn-xn-—l) .[(szﬁl-(‘pv)nj]i '

n

th
and the n+l  Integration step ls repeated using a step size of X* - Xn to deter-
mine the throat conditions. '
To prevent the location of a false throat due to roughness of an input

pressure table, ten Integration steps are required before the throat will be

sought.

| Through the downstream throat radius of curvature the step size is
.~ controlled so as to be less than or equal to RWTD*SIN(THETA)/25.0.
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5.4.13 SUBROUTINE NUMBR

This subroutine converts a one character BCD number to a FORTRAN

integer number.

It is called by subroutine ECNV to decode free field numeric

data. The subroutine is coded entirely in FORTRAN,

5.4.14 SUBROUTINE PDKINP

This subroutine provides the input processing for the kinetic expan-

sion calculation.

1)
2)

3)

4)
5)

6)

7)

It performs the following functions:

Variable initialization to nominal values

Calls subroutine REAXIN to input the reactions cards and species
cards if necessary

For an ®DE-@DK problem, calls subroutine SELECT to select
those species to be considered for the kinetic expansion
calculation

Reads $@DK namelist input data

Converts nozzle geometric parameters from input units: inches,
degrees; to internal computational units: feet, radians

Computes nozzle tangent coordinates using:

1+Rd(1 - cos 6)

Ty

xt= Rdsine

For conical nozzles, computes the axial coordinate for the ex1t
station from the following relation:

vVe-rt+xt-tane

= . L 2X
exit tan 6 : exit

N |

frz _ (1+Ry -VEP)? }

XGXit —\Q d - Xexit <X
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8) ' For conical nozzles, the internal axial print stations
are computed using:

YARPRNT(]) - r, X, -tan @

X, = ., =X
] tan 6 )S t 1
12 N
2 + 7 % x <x
Xj-— Rd -]1 Rd -(ARPRNT(D) J< t

9) - The sum of input or selected species concentrations is checked

for unity ( + XMFTST, where XMFTST is an input number), and
then normalized.

10) If the input parameter RZN@RM is input, the input contoured
. nozzle table is normalized by RZNYRM,



5.4.15 SUBROUTINE OUTPUT

This subroutine provides conversion from internal computational
units to output engineering units and the calculation of performance para-

meters. The following output parameters are computed by this subroutine:
The pressure (in PSIA) is computed from:

P(Psm) P/4633.056

The gaseous species mole fractions are computed from:

The gas molecular weight is computed from:
Mw = 49721.011/R
The percentage mass fraction change is compated from:

n
% A (Mass Fraction) = 100.0 - (1.0 - 21 Ci)
=1 - .

The gas heat capacity is computed from:

-5

Cpg(BTU/LB-OR)=3.9969 . 1077 - Cp,

The gas enthalpy is computed from:

n
H_(BTU/LB)=3.9969 - 107> 2 C. -,
J =1 + 1
At the throat, the characteristic exhaust velocity (ft/sec) is com=~

puted from:
P

C
C* = ov=
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The vacuum specific impulse is computed from:
P .

- V+po'V -
ISPy, m , g=232.174

The vacuum thrust coefficient is computed from:
P

c _ V+ oV

Fyac c*

The‘percentqge enthalpy change is computed from:

100- ( HREFC ~ HREF)

%O0H_ =
T v2/2
where

NSP

.
= 2 - +V
HREF = 2 G/ h /2

HRBF is HREF evaluated at the initial condition for the ZDK
mtegration (i.e. at the initial contraction ratio, 'ECRAT).
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5.4.16

SUBROUTINE PACK

On the basis of those species currently being considered, this sub-

routine packs species and reaction information from the master tables into

those control sections utilized by the one-dimensional kinetic expansion sub-

program.

The following is a sequential description of the packing 'procedures:

1)

2)
3)
4)

Thermodynamic data for the species being considered is

read into core storage.
The chemical species'molecular weights are computed
The symbolic reactions are checked for mass balance.

For a contoured nozzle the slope at each input wall point is
computed using subroutine SLP. The wall coordinates, and
each computed slope are printed for each input wall point and

the print stations are set to the input axial coordinates.
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5.4.17 SUBROUTINE PRES

This subroutine is used (when JPFLAG = 1) to compute the derivatives
- of an input pressure table.
This subroutine is also used (when JPFLAG = 0) to generate a pressure
table through use of an average expansion coefficient, Ne. The generated table
extends from the initial contraction ratio through the nozzle attachment point plus

one normalized throat radius.

Input Preséure Table Derivative Computation (JPFLAG = 1)

If a pressure table of NTB entries is input, the table of first deriva-

tives is computed using:

dP _
dx |, = 0
1.
' P - P
: (x_ .4~ “(x__,) :
_._gs - ntl n-1 ., 1<n <NIB
3 x- -t - x: Y
xn {nt+lt) (n-1)
P -P .
dP — (xn) (xn-l) oy
dx - Xy = X , n=NIB

The pressure at the initial axial position is obtained by interpolation

using subroutine SPLN.
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Internally Computed Pressure Table Computation (JPFLAG = Q)

An average equilibrium pressure expansion coefficient from the
chamber to the throat, Ne' is computed by iteration using subroutine
SUBNE. The initial value for Ne(l) is 1.2, .

The approximate equilibrium contraction ratio at the initial axial

position is computed from:

— 1
12
N +1
e
2 Ne-l
N -1 Ne+1
a = € - . =
c 2 2 N -1
(E.i.)Ne . 1_(_&. N,
P
n c e
-
where. P1 = pressure at the-initial axial position
Pc = equilibrium chamber pressure

A check is then made to determine the compatibility between the

nozzle geometry and the requested contraction ratio.

4;:; 1+[Ru+R1}'[l"c°s ei]

the circular arcs 'Ru and Ri overlap and the following error message is printed:

If

INLET GEOMETRY INCOMPATIBLE WITH INITIAL CONDITIONS

The program will proceed to the next case.



¥ ”\\

- ratio, a, and expansion coefficient, Ne.

Tables for pressure and its derivatives are constructed as functions of area
Formula : 4

used for the j + 1 iteration for pressure is:

r Ne-l )
(3+1 N -
p(I+D) A p() N -1 () e
P TP +2 N Sl
P
c c e ¢
1 | 11
-5 -1
P(j ) e 2 P(j ) }
P N P -
[o4 e c
i
- - ' . -1/2
(N_+1)/ (N -1) ‘
LS [2/(v_+1)
2 2/\ (N -1)/n - a -1
. e e
(o) [ (2
1 -
— D P _J s
] \¢ /. L < /-
for j=1 :
P(l); _-P ! d(P/P ) '
e x Pe ‘ x Coe1 *y)
n+l n
where n refers to the nth table entry.
The pressure derivative formula used is:
_ L Nt -1
N -1
d(r/P)) . : Nolifp P 2 (e 2 da
dx Ne Pc Ne Pc a dx




Next, tables for pressure and its derivatives are constructed

by the program. Table entries are at increments of

-.xi/ 75 for X <X <0
(Rdsin o) /25 for - 0<x <Rysing
and
1/25 for Rdsine <x<Rdsinn+1

where the initial nozzle axial position, X is computed from:

Ve, - 1 - (R, *R) + (1 - cos @)

X == (Ru+Ri) . sin 91+

tan Gi

See Figure 5,4-1 below:

- 1) —]

X=X X=U

Figure 5.,4-1, NOZZLE GEOMETRY
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da
dx

Area ratio and its derivative and (a and } are found by the five formulae

below:

2) xi+Ri sin §; <X <-Rusin 05

a= [‘\/5:— R, (1 - cos g) - (x=x, - R, sin 8, tan ei]z

da _ _ o, . .
ax 2 Ja 'canei

3) =-Ru° sin ei<x<0'

a= 1+Ru<1 -»Vl— -ﬁ’ﬁ-)
u

4) 0 <x <Ry sing .
2

- o1

da _ 2
dx x °V-;‘

27
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5) Rd-sine <X st.s‘ine + 1

for cone
a=|r *+(x-x) - tan @ 2
t t

da

dx=2‘a'tan6

for contour

a=Y2
da _ dy
= 2.y, <%

Three special points are included in the pressure table. These are

a point at x = X, such that

d(P/Pc)
T dx

and two points at x = 0 such that .

—g— = P* )
P P 3N -1
Cc C [ equilibrium e
: 2(N_-1)
- d(P/P) N €
Y e L2
dx VR L Ne*1 J

with R* = Ru and R* = Rd' respectively.
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The following items are input directly to the computer program

-as described in Scction 6 and shown in Figure 6~-1, left to right.

RI

RWTU

THETAI

. THETA

RWTD



5.4.18 SUBROUTINE PRNTCK

For the option to print starting at step ND1, printini_; every ND3rd

step up to step NDZ, this subroutine checks whether or not the current step
should be printed. If it'is to be printed this subroutine calls subroutine
PUTPUT.

5.4.19 SUBROUTINE REAXIN

This subroutine processes SPECIES, REACTI®NS, and THIRD B@DY
REAX RATE RATI®S input cards. Reference may be made to Section 6, the
Program Users Manual, for a complete descriptio'n of input requirements. A
table of all species appearing in the input reaction set is generated for further

processing by subroutine SELECT if required.

5.4.20 SUBROUTINE SELECT

This subroutine provides the interface logic required to select the
minimum species list required for the kinetic expansion calculations. The
subroutine is only used for the @DE-PDX interface. The list of all species
appearing in the input reaction set is matched against the list of species con-
sidered for the equilibrium calculation. All species which appear in both a
reaction and the equilibrium calculation list are selected for the kinetic expan-
sion calculation. If a species appears in the reaction set but has not been
considered for the equilibrium calculation, the program prints an error message

and terminates the current case.

If the INERTS directive was specified only those species specified
under that directive will be selected for the kinetic expansion calculation.

If the INERTS directive was not specified, all those species, con-
sidered for the equilibrium calculation, whose mole fractions are greater than
or equal to an input selection criterion will a1~so‘be selected for the kinetic
expansion calculation. Species selec.:d in this way will be listed as inert

species on the program output since they do not enter into chemical reaction.



5.4.21 SUBROUTINE STF

This subroutine evaluates the thermodynamic functions CBT/R,

130 /.\'1‘ s© /R from curve fit cosfficients. The subroutine uses the same
procedure as subroutine CPHS. The additional functions deT /dT and free
energy, G2 /RT are also computed. The calculated functions are then con-
verted to the internal computational units for use by the kinetic expansion

calculations.

A

5.4.22 SUBROUTINE SUBNE

Calculates the average equilibrium pressure expansion coefficient

from the chamber to the throat by [teration from the following formula
(Newton's method):

(n)
(n) PX
. 7oy e -

| Nén)'fl F.
N e

. N

el
(_(_2 N, -1( 1 ) . zn( ) Nén)
n (
N4l | Nen)°1 N‘(:n)m1 Nén)+1 (@),
vhere N(l) = 1,2,

P* is the equxlibr:.um throat pressure

P is the equilibrium chamber pressure .

This subroutine is used by subroutine ISRES.
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5.4.23 SUBROUTINE TABGEN (IFLAG, LTABLE,XTAB,YTAB,LUSED, X, Y,
ITRRYR, NY)

This subroutine records a tabular function (X,Y(NY)) in tables 'of fixed
length. The first and last event will always be tabulated and the table will
elther contaln all of the values specified or will be at least half full. Once
the number of events exceed the table length, the table will be repacked by
the deletion of every other table entry and tabulatlon wlill proceed choosing
every Z—I\-Ith event(N=0, 1, 2. . . etc., where N Is the number of times the
table must be repacked). The table spacing will be a power of two except for
the last event which will always be tabulated.

~ The calling sequence parameters are:
IFLAG - denotes type of entry to subroutine
= -] first entry
= 0 normal entry
= 4 ] last entry .
LTABLE - length of tables available for tabulation

XTAB - table for tabulation of the varlable X

YTAB - table for tabulation of the variable

LUSED - number of table entries currcntly uscd {cutput)
X - the variable X

Y - the variable Y

IERRGR -  error flag

NY - number of Y variables to be tabulated

Note: One Dimenslonal Mach Number Tabulatlon Procedure

At the initial axtal position, X and Mach number are recorded.
TABGEN is then used with LTABLE=50 (assuring 25 saved values). The last
recorded values are the end values for the transonic tables.



5.5 TDK CONTROL SUBROUTINES

5.5.1 SUBROUTINE LINKA0

This subroutine consists only of a call to subréutine TW@D and is used
only to facilitate conversion of the program overlay for use on the CDC 6000 series

computer,

5.5.2 SUBROUTINE TW@D

This subroutine provides overlay linkage between the Transonic Analysis
Subprogram and the Supersonic Method of Characteristics Subprogram.

5.5.3 SUBROUTINE TSTDK

This subroutinc provides overlay linkage between the Transonic Analysis
"~ Subprogram and the Ideal Gas option of the Supersonic Method of Characteristics
Subprogram,



5.6 TRANSONIC ANALYSIS SUBROUTINES

5.6.1 SUBROUTINE T.INK41

This subroutine consists only of a call to subroutine TRAN and is used to

facilitate conversion of the program overlay for the CDC 6000 series computer,

5.6.2 SUBROUTINE TRAN

This subroutine is the controlling program for the transonic calculations,
and is used to construct an initial data line for the method of characteristics cal-
culations. Subroutine TRAN reads the Namelist $TRANS input as described in
section 6, The calculations given below are performed by this subroutine. The
method of analysis used is described in detail in reference 7.

Transonic Calculations

From data supplied by the ODK subprogram expansion coefficients,

Yy are computed for each of N zones as

_ m(P/Pl)n
Yn ~

n=1, ..., N
ln(pz/ pl)n

The nomenclature for numbering zones and. the slipline locations dividing the

zones is given in Figure §,6-1,

Slipline locations, Yn" are calculated (using subroutine TRIM) as

. 1 PR
(1+A)K) -1 v2 0
| 2
-AK, . (L+AK) -1 v 5
A X (1+A. K. .) y2 1
N-1¥N-1" N-1 N—IJ N-1
1 L .




zone boundary slipline locations

index index
N B YN =1 wall
N - —m
N-1 'YN-l
N-1
n+l s Yn+1
ntl
n ——— Y
n ,
rl | —— Yo
= n=1
3 — Y3
3 2 s Y
2
2 P,
1 Yl
1 0 — Y =0 ‘axis

.- Figure 5,6-1, Nomenclature for the Numbering of Zones



where

* *
o a
An — n n
* *
Pn+l an-l-l
m
+
K = —.n 1
n m
n

n=1,2, ...N-1

The sonic conditions p;; and a; are provided by the ODK subprogram and the

partial mass flow rates, r'nr'l, are input.

_ Newton'é method (subroutines NEWT and BANDI) is used to calculate
the transonic coefficients B0 , Bl ' Cl , and Cz . Subroutine FCALC evaluates
: n n n n
~ the boundary conditions which must be satisfied.

Distribution of Initial Line Points

Subroutine TRAN next calculates the location of points on the initial
data line used to start the method of characteristics calculations. First the
radial position coordinates, r,, are computed. Two opfions are used for this
purpose depending on the downstream throat radius of curvature, RWTD,

It |
RWTD < PMCRIT
then the r, are computed as follows:

5= RWID - 46
q+ (M2 - 172
where .
a=1/ ((2* RWIU +y/2) /(5 +1)) /2

M= Mach number

A 6= Input Quantity PMDEG
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N .
points will be placed at

r1=1

rz = 1_- o)
where r,=1- (n-1) 6

n =

integer part of ej

This spacing will assure that the first left running characteristic will intersect
the nozzle wall at a wall angle of approximately A 6°, (Nominally A 8° =19. The

r, = Yi positions are inserted using subroutine XPIL. The spacing, 6, will be

successively increased after the nth point until a maximum spacing is reached.

It
RWTD > PMCRIT

points are placed on the initial data line on an equal area basis, by zone.

A total of M initial line points can be distributed proportional to area among

the N zones as follows:

Since the total throat arca is equal to the sum of the zone areas:

N 2 2
T =§;1 1T(Yn - Y’n—-l)

the number of points, n'“.n, allowed the nth zone is

2 ) ) . . -

,2
_ M (Xn Yn--l
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Since m. must be an integer, a good choice is
- ) 2 1
b= -— + —
Mn [M (Yn Yn—l) 2]

where [x] is the integer part of x

Exam.ple:

if: ' N=2,Y1=.707,M=SO

then m, = [50 (.7072 - 02) +%]
m, = 25
m, = [50 (1-.707%) + -;-]
m, = 25

Loucaiion of Initial Linc Points Within the nth Zone

If the circular ring bounded by r andr is

n-1
subdivided into m rings cach of cqual area,

a, then:

.2 2
ma = 14 (rn rn_l) .
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-2 .
Since a=ary =7y, etc., the

edges of these rings are at:

2 _ 2 :
rl—rn_1+6

2_ 2

r2 _ .2 + 5

where

Once the position coordinates, I have been computed, the corresponding
T X coordinates and gas streamline angles 6, are determined as follows:

Next the pressure, P(1,0) /P*, is determined using the transonic analysis
(subroutine SAUER) .

P(1,0
P(I:_O) = “P;-i_‘_)‘ pil\:]_

where Pﬁ is the outer zone sonic pressure as provided by the ODK subprogram .



-

All other X, 1nc1ud1ng those corresponding to the slipline positions, Y
are then determmed such that the above pressure value will result. The secant

method subroutine ITER is used for this purpose. The 91. are computed at the
same time.

Using the above pressure, subroutine GETIL is used to interpolate for

other initial line entries required by the Supersonic Method of Characteristics
Subprogram.
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5.6.3 SUBROUTINE BANDI (A, NBW, NEQ, NMAX, B, X, INEW, KERR)

Purpose

+

BANDI solves a sct of linear equations Ax = b where A is a nonsymmetric

band matrix.

Restrictions

The matrix A is destroyed.

Usage
Calling seguence:
CALL BANDI (A, NBW, NEQ, NMAX, B, X, INEW, KERR)

where

A is a matrix of at least NEQ rows and NBW columns
{sce below) which initially contains the elements of

the band matrix, stored as follows:

To solve a system of the form

aj¥) tagox, § = by
391%) ¥ 9%y T A53%y = b,
ag.%p T agaxg tagxy = by

a43%3 *ay4%g * A4gXg by

Bg4%g T Bgexg = by

To transform an original (N by M) MATRIX A(L, J) into a packed (N by NBW)
BANDED MATRIX AB (I, ]), the following transformation applies.

AB(LID) =  A(LD
where B = (¥ - (1-p

and NBW = BAND WIDTH



NBW

NEQ

NMAX

INEW

KERR

Method

- Ay Ao A3
Al,j 0.0 an a12
Aoy 2 72 a3
Ay 23 azz 334
Agi 243 44 s
1\5’j a54 ' al55 0.0

is the width of the band (odd).
is the number of equations in the system.

is the maximum number of rows for which A has been

dimensioned.
is the right-hand vector for the system,
is the solution vector returned by BANDI.

is a flag, set = 0 unless the coefficient matrix A is

unchanged from a previous call to BANDI, in which

case set INEW =1,

is an_ error flag returned by BANDI:

= 0 if no error;

1 if any diagonal element becomes zero
during triangularization of A.

BANDI finds the solution vector X by single-pass Gaussian elimination. If

INEW = 0, the coefficient matrix A is upper-triangularized by forward sub-

stitution.

Backward substitution then yields the solution X. If INEW = 1,

'BANDI assumes that the coefficient matrix A has already been reduced on a

previous entry and that only the right~hand vector B has changed. Therefore,

the forward substitution is bypassed.



roaramming Information

Note that the matrix A is upper-triangularized by BANDI, destroying the

original band matrix coefficients. For very large or ill-conditioned systems,

one may increase the accuracy of the solution as follows:

1)

2)

3)

4)
5)

6)

Save the original band matrix coefficients from A in a similar

matrix AF.
Clall BANDI with INEW = 0 to obtain a solution X, of Ax = b.

Calculate bn = Axn using the coefficients saved in AP, (A

subroutine BMMULT exists to do this.)

Calculate a new right-hand vector e, = b=-bn.
Call BANDI with INEW =1 to solve the system Aéxn =e_ .

X =X +
Set n+tl = *n Gn.

Repoat steps 3-6 until the desired convergence is attained,

FError Return

If, during triangularization of the matrix, any diagonal element becomes zero,

an appropriate message is printed and KERR is set to unity before returning to

the calling program.
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5.6.4 SUBROUTINE FCALC

The purpose of this subroutine is the cvaluation of boundary condition
functions required to be zero by the transonic analysis. Subroutine FCALC

is called by subroutine NEWT in which Newton's Method is used to find the

Zeros.
Input:

Yn slipline heights n =1, , .. N-1

Y, ' specific heat ratio for each zonen=1, .. . N

BO ‘ B1 , C1 , C2 estimates for the constant coefficients sought by

n n n n NEWT to satis{y the boundary conditions n=1,, . . N

N total number of zones

Output:

The values of the following functions are computed and output. If the

boundary conditions arc corrcctly satisfied, each of these (Pl . Fz , F3 , P4 )
n n

are zZero. n n

At the sliplines, n=1, . . . N-1

n+l

1 2 ~ o1 1 2 ' -1
F.o= |5 (y +1)BY Y +C, Y - |5 (v, +t1)B Y +C Y
1n [& n 1rl n 1n n] [?. n+l , ln“"l, n ln+1 ‘n

linear term v, =V (i.e. match on streamline angle, lst order):

constant term Vo S Va41/

1

R I T 3
FZn— [16 (¥ D" B

n

3 1 _ 1
lnY t3(y* B C ¥ (InY -'-)

1
n

n

1

.1 -]
+— (y +1)B, B, Y +C, Y
2 n 1n On n Zn n]

1 2 .3 3, 1, 1
- —=(r  +1)°B Y4 = (y ,,+1)B C Y (ny_ - =)
[ 16 ' 'n+ 1n+l n 2 n.ll 1n+1 ln-i-l n n 2

q _ | )
+ 5 (y 4 1) B B Y +C, . Y
o2 ntl .]n+l 0n+1 n 2 no|



lincar term Prl = Pn+1 ,;

F =~ B,P¥-y B p*
3n n "1l n “ntl 1n+1 n+l

constant term Pn = Pn+1;
_ 1 2 2
F4n —{-yn [4 ( /n + l) Bl Yn + Cln In Yn + Bon] "‘1} P;

n
2+cl InY_+B, ~18p*
n+l n+l n

) 2
’{Vnﬂ[’zf (dpey * 1) Bln+1 Y

At the wall , n =N

linear term VN (1,2) =2 ;.

1 1 2
1y R [2 N e 1N]

constant term vy (1,2) =z ;

1 2.3 1
F = —_— (‘)’ +1) B - (v +l)B C
zN [16 N 1N 4 N IN 1N
)
+—— (v, +1) B, B, +C
2 N 1y Oy 213

"~ Since at the axis vy (0,z) =0 it is required that C1 = G2 =0,
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5.6.5 SUBROUTINE GETIL (IZ, IP, PPSI)

This subroutine is used to generate the initial line entries for the
Supersonic Mathod of Characteristics Subprogram. The values are obtained
via interpolation in the gas tables generated by the One Dimensional Kinetic

Analysis Subprogram.



5.6.6 SUBRQUTINE
~EWT(M, . MF N, VAR, NVAR, FCALG,, WF,, PERTY, EPSL, MAXIT, NUMIT, BIN. AD, NBW, KERR )

Given a set of n functions in n unknown variables where cach function is -

coupled as below:

fi(Xj) ' i=1, o.. .,n
j=1i-k, . . .., i%k
and 1<j<n

this routine will attempt by Newton's method to find values

X, X .. X

1’ 72" n
such that
n
2
i=1
Method
Newton's method is used to iterate for a solution vector. The matrix of
- partial derivatives, J, required by the method is generated autcmatically by the

subroutine. This matrix will be banded of width 2k+1. The matrix inversion is per-
formed by subroutine BANDI. In the event Newton's mcthod yields a vector whlch

is farther from a solution in a least squares sense than the previous estimate, the
increment vector is halved. Newton's algorithm for the (k+1) th iterant is:

L) 0 (070

Restrictions

The user must supply initial values for the solution vector and also a sub-
routine to evaluate the functions. The subroutine must communicate with NEWT
through COMMON statements. Subroutine BANDI is required.
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Usage

Call NCWT(M, F, MI', N, VAR, NVAR, FCALC, WF, PERTV, EPS1, MAXIT, NUMIT,
NUMIT, BIN, AB, NBW, KERR)

Index to Calling Sequence:

M, MF, N, VAR, NVAR, WF, PERTV, EPS1, MAXIT, NBW

Input:
Output: VAR, F, NUMIT, KERR
Working: BIN, AB

Explanation of Calling Sequence:
1) M is the length of the array containing the n functions.
2) Fis the array containing the n function values evaluated by FCALC,
3) MF is an array of M control words:

if MF(D) =0, include F(I)
if MF(D)=1, exclude F(I)

4) N is the length of the array containing the n variables.
5) VAR is the array containing the n variables, X i=1,...n
6) NVAR is an array of N control words:

if NVAR(])=0, include VAR(})
if NVAR(])=1, exclude VAR(])

7) FCALC is a name for the subroutine which calculates the
functions, F(I). A program which calls NEWT must have an
EXTERNAL statement containing this name.

8) WF is an array of n weighting factors. These are used in
conjunction with EPS] to determine whether a solution has
been reached.

wy = WF(D)

9)  PERTV is a perturbation factor used in calculating the partial
derivatives required by Newton's method. If PERTV = ¢, then:

3F _Fx+6)-F(x

3
oX o )

, where § = max ( lgx' ,ex10°

4
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10) EPS] is an crror bound used to determine whether a solution

has been reached. If € = EPS1, then a solution is claimed when
n
2
i§1 (wF )" < €1

11)  MAXIT is the maximum number of iterations allowed.

12) NUMIT is the number of iterations required for solution.

13) BIN is an array required by LESK and must be at least of

dimension N + 1,
14) AB %s a twg-—dimensional array containing the augmented matrix
of subroupnc LESK and must be at lecast of dimension AB(M, N+1).
15) NBW band width = 2k+1, see subroutine BANDI,
16) KERR error indicator, see subroutine BANDI.
'5.6.7 SUBROQUTINE PTAB (PZNED)
: If the option to punch boundary layer edge tables for input to a boundary
~" layer program (i.e. BLIMP, MABL, or TBL) has been selected (IPTAB = 1, in $@DE),
this subroutine will punch the table up to the position where the method of char-
acteristics calculations begin.

The following procedure is followed to make the one-dimensional throat

coincident with the axisymmetric throat.

1) The pressure, PlD' at the axisymmetric throat (=1, x=0) must be
given (P@NED in the calling sequence, above).

2) The axial position, x*, in the one-dimensional gas tables corres-
ponding to the above pressure is obtained by interpolation., The
points downstream of this axial position are deleted.

\‘" ‘\.—/”
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3)

4)

5)

The table of axlal positions (saved In the one-dimensional
calculations - TABGEN) is recoordinated to fit smoothly with
the axisymmetric gcometry using:

/_‘Xl

x'=x1+(x-x1)- l\x*-x1 J

recoordinated axlal position

where x' =
x = tabulated axial position
X, = initial axial poslition
x* = axlal position from 2) above

The radial coordinate, corresponding to each recoordinated

axial coordinate, is computed using the input geometric constraints.
Reference may be made to Figure 6~1 for a description of the inlet
and throat geometry.

The axial and radial coordinates and the fluid properties are punched.

The punched cards may be input directly to the boundary layer com-
puter program.,
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5.6.8 SUBROUTINE SAULR (R, X, Y, G, N, I, PPS, THETA)

N

The purpose of this subroutine is to compute fluid dynamic properties in

the transonic region of a rocket nozzle. The method used is based on the

analysis of Sauer and is applicable to the situation where the flow is assumed

divided into N zones (i.e. striated), each of which is characterized by a constant

expansion coefficient, ’—yn. The analysis has been further modified so as to

extend its range of applicability to nozzles with small (R/r* = ,5) radius of

curvature in the throat section.

Given position coordinates (r,x), this subroutine returns the fluid dynamic
properties (P/P*, @). ‘

Calling Seguence

Input;

X =

Output

I

PPS

THETA

Method

radial position coordinate, r

axial position coordinate, x

vector Yn; n=1..N cqntaining the zone boundary
coordinates

vector y; n = 1, . . . N containing the zone expansion

~coefficients

total number of zones

zone number, n, corresponding tor
P/P* at (r,x)

@ at (r,»), the gas streamline angle in radian

If only one zone is specified (N = 1), then

ul

v

1
4

L
16

T e (y‘i‘l)B

(y +1)

2 2
1 F 0" "1

2.3 3.1
BYr +—-(7+1)BIB

+B,+B, X

1 2
r+'fz"(‘)’+1) By rx

1 2 0



where

B2= 2 1
1 (y‘f‘l) R!
=1 1

By =-13 R

2r2 +C. Inr +B

1 1 +B1X

0
v === (y + 1) Br'+.-}-(+1)BCr(1nr.._1__). .
16 Y 1 zY 11 2
1 ' 1 2
+g b+ DB Br+Cyr+[ 3+ D BErr0 A x
where the coefficients Bys By. €4, C, are input through COMMON/NAMBC/

and the nth value is selectéd, corresponding to the nth zone. The zone, n, is
determined such that '

Y,n+l >2r> Yn
For all N

u=1+u'

v =vy'

p/p* =1 _,yn u*

@ = arc tan (v/u)
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~&,9 SUBROUTINE IRIM (A, X, B, N, NN)

This subroutine solves the system

X=b

=i

for X wherc A is tridiagonal, i. e.;

allaij =0 if i> j+l or i< j-l.

The method used is Gaussian elimination.

Calling Sequence

A Is the input coefficient matrix and must be dimensioned at least

A(N, 3). The elements ay; must be input as

- - - -
— A(1,2) A(1,3) """ aj, a9
A{2,1) A(?,Z) A(2,3) a, a5y Qg3
A(3ll) A(dlz) A(313) a32 833 3\34
AN, 1) AN,2) — a0 a1 on T

! '
bee - o ool

The contents of A will be destroycd by TRIM,

X - Is the output solution vector X and must be dimensioned at least
X(N).
B Is the input vector b and must be dimensioned at least B(N).

The contents of B will be destroyed by TRIM,
N Is the order of the system. N = 2 is required.

NN Is the dimension of A (WN, 3), X(NN), and B(NN) in the calling
program.
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5.6.10 SUBROUTINE XPIL (RI,Y,NIT, NRMAX, NYMAX, NRR, NZ2)

This subroutine inserts the table of position coordinates, Yi' into
the table Ri such that the resultant table of Ri is monotonic decreasing. Each

Y will be converted to a double point and the closest Ri value will be deleted.
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5.7 SUPERSONIC CONTROL

5.7.1 SUBROUTINE LINK42

This subroutine consists only of a call to subroutine TDK and is used only
to facilitate conversion of the program overlay for the CDC 6000 series computer,

S5.7.2 SUBROUTINE TDK

The purpose of this subroutine is to call and overlay the two portions of
the Supersonic Method of Characteristics Subprogram (subroutines CHAR and
CNTRL) and to call the error subroutine, ERR@RS, if required.

5.7.3 SUBROUTINE ERR@RZ(IERR)

The purpose of this subroutine is to print an error message and retum
control to the calling program. The program will print the message =

ERRGR(i)e o0
where

i = IERR, -100<i<100.

The subroutine will search its error statement number list to determine

'if an additional statement exists for the given value of IERR. If an error statement

is found it will also be printed.
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5.8 SUPERSONIC INITIAL LINE AND WALL SUBROUTINES‘

5.8.1 SUBROUTINE LINKX5

This subroutine consists only of a call to subroutine CHAR and is used
only to facilitate conversion of the program overlay for the CDC 6000 series com-

puter.

5.8.2 SUBROUTINE CHAR

This subroutine reads input for the Supersonic Method of Characteristics
Subprogram and performs all calculations that are preliminary to the method of

characteristics construction,

Subroutine CHAR calls subroutine WALL in order to generate coordinates
. for the wall table. Conditions along the initial data line, as provided by the

transonic subprogram, are printed.

The initial line conditions are integrated to determine mass flow, thrust,
. {
ic vclocity. The expressions below are used with the integrais

being evaluated by trapezoidal rule:

m = err*z I1 Ib/sec mass'flow
. .2
F = 2wrs I2 b force thrust
C* = pchamblz I1 ft/sec | characteristic velocity, PCA*/n’l
where
1 .
I, = f v 5‘11!@—-—-——- €) rdr
1 5 sin ¢
Lo o, y2sin® - 0 cos s - dr
2 4 P sin ¢ B
-2 dr
¢ = arc tan (dx)

Mass flow and characteristic velocity are printed.

- 5-83



—~Note on Mass Flow and Thrust Calculations.

Consider an element, ds, of flow at angle 8§ across a surface, dS,

Ainclined at angle & :

The mass flow across the element is:

oV 2mrdy
where |
dy = sin(é&- e)ds
a5 = —g—
so that
mass flow = o V sin(& - 9) 2g 1 dr

sin ¢
The momentum flux in the x direction is :

momentum ﬂuxx =y « mass flow =V cos g - mass flow

or 2
pV® sin{d - p) cos @
X sin &

1

momentum flux 2nrr dr.

Thrust between points A and B may be obtained by integrating the pressure differential

and momentum flux in the x direction:

F = (P-P)+ pVZ sin(@ - 6) cos B 277t dr.



Throughout the method of characteristics computations the
variables used are equivalénced to entries in dimensioned arrays.
This equivalency of variables is always in the same order as pre-
scribed in the table given below. This equivalencing occurs for
the I subscript in the following arrays: P(I,‘I) . PP(I,T), PS(D),
PSS(I), Q(I,7), Q3A(), and Q4A().

TABLE 5.8-1 EQUIVALENCE TABLE FOR COMPUTED VARIABLES

I Variable Units
P,) = P, pressure lbf/ft2
2 o density ]bm/f’c3
3 g, streamliné angle radians
4 V,velocity ft/sec
5 r, radial coordinate
6 x, axial '
7 T, temperature : °R
8 A, term computed in sulroutine GPF
9 B, "
10 R, real gas constant
1 (not ‘'used)
12 E, term computed in subroutine GPF
13 F, "
14 G, "
15 _ H, "
16 Cy "
17 Y "
18 : dividing streamline flag
19 zone number
20 (not used currently)
21 c; + species mass fraction (i =I-20<40)
60 "
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5.8.3 SUBROUTINL CUBIC (X,Y,YP, N, ARG, YARG)

The purpose of this subroutine is to perform cubic interpolation for

a tabulated function whose derivatives are known.

Calling Sequence:
X is a table of the independent variable, x,, such that
X. =X, 1
i+l i
Y is a table of the dependent variable, y, = y(xi) _
YP is a table of the derivatives of the dependent variable
. yix — Yl(xi)
N is the number of entries in each of the above tables;
i= 1' ¢ o o N »
ARG ' is the argument, x, for which interpolation is requested
YARG is the result, y = y(x)
Restrictions:

The calling program must define arrays for the dummy variables X, Y, and
YP. These arrays must be at least of lengths N + 1, N, and N respectively. The
subroutine will save its last used table position number in X(N + 1).
Ifx< % the program returns y = Yi
If x> XN the program returns y =_YN
Method:

i S <
Given x0 X < %Xy

so that Yo yo' Yy and yl' are known. ‘The cubic interpolation formula given below
is used to determine vy '

_ _ 3 _ 2 _
y = A(x xo) + B(x xo) + C(x x0)+D

where '
r
A = -}%—L{yl' + yd) h - 2k]
B = i}-‘l(yl' + 298] n - 3k]
C = yo'
= ¥,
and
h = Xy = Xg



5.8.4 SUBROUTINE WALL

This subroutine makes available four options for the specification
of nozzle wall contours. Either a cone, parabola, arc, or a spline fit
curve may be attached tangentially to a circular arc. The circular arc

is specified as follows:

Symbeol : Definition
ei Angle defining the down'stream end of the arc
Bj Angle defining the upstream end of the arc
r/r% Normalized arc radius

where

One hundred points are generated along the arc for equally incre-

mented values of angle, 6:

f+r/r*(1 - cos 0), 0.

L]
]
]

o

1A

(oo}

r/r¥% sin 0.

X

Five options are specified below for attaching wall contours
tangentially to this circular arc. The cone option requires the nozzle
expansion ratio as input. The parabola and arc options require the exit

oint coordinates, r_ and x , as input. The s line fit option requires a
e P P

e
smooth table of wall coordinates, r, and 3y and the exit angle at the

nozzle lip, Oe' as input.
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Option {, Conc

r, = Vo

td
)

(r -r)etn o+ x
e a' a

Option 2, Parabola

Two hundred points are gencrated at equally incremented valuzs

of x such that:

r=a+vVvb(x - c)

where
Z“ qz-zr (> -xa)tanB.
a = -
2,[ - (xe - >.a) tan BjJ
b=

Z(ra - a) tan Oj
( )2
r -a
3]

Option 3, Arc

Two hundred points are generated at equally incremented values of

angle such that:

¢
L

r + R(cos 8 - cos ej)

®
f

X, + R(sin GJ ein 0)

where -

(x a-x) +(x --r)z

Ti:;.e[(x-x)smi) r-r)couev]

and the increment on angle is

5-88



where

R RE }
0c = gin ‘sm Oj R (xe - xa)

Option 4, Spline Fit

Two hundred points will be placed along a curve input in tabular
form by a cubic spline fit method (sce subroutines CUBIC and SLP).
Derivativies arce calculated {from the input values for Oj and the exit
nozzle lip angle, Oc' This curve must connect tangentially to the

circular arc described above.

Option 5, Cone (re, X input)

ol® = o
)

thenfori=1, .. .5

\a}
~~
-
Sy
1l

.. I8 s\
1 _ \L— L)
1+ (l1-cos Oj )

o}

A £ g D)

r*
(i) re - r;l)
6. = arc tan —0)
) % - x!
e a
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5.9 SUPLRSONIC ANALYSIS SUBROUTINES

5.9.1 SUBROUTINE LINKYS

This subroutine consists only of a call to subroutine CNTRL and is used
only to facilitate conversion of the program overlay for the CDC 6000 series com-

puter,

5.9.2 SUBROUTINE CNTRL

The purpose of this subroutine is to control the construction of the finite
difference mesh for the method of characteristics solution of the supersonic nozzle
flow. Left running characteristics and fluid streamlines are constructed startmg at
the nozzle throat point r =1, x=0). These left running characteristics extend

from the initial data line or nozzle axis to the wall. The mesh points are calculated

by subroutines INPT, AXISPT, WLPT and DSPT under control of this subroutine.

Additional points are inserted in the mesh by subroutine CNTRL by pro-

- perty averaging. I'or example if on axis point is calculated such that x3-x4 > DS,
a point will be inserted between points 1 and 4 and the axis point calculation of
point 3 is repeated. The other circumstances which cause point insertion are listed

- below., In each case a point is inserted along the initial data line or the previous
streamline and the calculation of point 3 is repeated: .

1) If subroutine INPT or DSPT find point 1 to fall beyond the nozzle wall.

2) If subroutine INPT finds point 1 to fall above a dividing streamline
point.

3) If subroutine INPT or DSPT find

61’"94 tw !

4) If a wall point is calculated such that

>A6

input item DTWI

8, - 8, >86,, , input item DWWTI

3

5) When 1;:erat1ng to locate the end of the nozzle wall, (input tolerance
of EPW

At the end of each completed characteristic surface the mesh points are
examined and points discarded as described below. Only interior points (ID=2)
.are to be discarded.

/
/s
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Forn=2 to n= IPPW-1, (i.e. from the initial line or axis to the wall)

discard point n if

len-—l B pnl * I%H - en\ < €g

and
2 2 2
(rp-1 - N €s

where ¢ A and €g are the inpdt quantities ETHI and ES.

Whencver a mesh point calculation or insertion is completed success-
fully, the output routine, PRINT, is called so that the point may be printed.

Subroutine CNTRL also integrates the wall pressure by trapezoidal
rule to determine the axial component of force existing between adjacent

- wall points,

Total thrust is itemn found by

r

2 ;
F, = F + 2nrs’ [ prar
1

where I is the thrust across the initial line as calculated by subroutine:
CHAR.
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5.9.3 SUBROUTINE AXISPT

TN

\

This subroutinc uses two known points to calculate a new axis point.

RIGHT RUNMNIING
CHARACTERIZTIC

DATA

AXIS STREAMLINE

Points 1 and 4 are known points and point 3 is the unknown point to be

computed. At pcint 3, Ty and 03 are zero.

The first estimate of the axial location of point 3 is calculated from

) - "1
“3 7 %4 T tan 1/2(8, ~

1™ %)
The first estimates of the flow properties at point 3 are calculated from

GHy

r

in © .
sin !
L3 {xg )

, pg) ='Pi exp {-AiGiHi {}:(31)“ x11+ :

- ”‘1] -Gy 9

17y
(1) 4
Py

(1) _ (1)
P3 =Py | exp |- A4{"3 - "4]
A
(1) Pufi Y4 (1)
1) . 3 1
T3 =T, -1-5;-" exp |- 84[:c3 - xé]}

N(i) ) In [Pgi)/f’l,r!'

o g g —

e
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) ﬂ.p(;ﬂ )Lp:}:\
=)

s WG ) /2
G
(i+1) P pli+t) N
V(i+i) = |V 2 + ...?‘I:I_.. .ﬁ.ﬂi - .__.3_..._. ‘ $
3 Ve TRERT Ry o
L J

. itd :
The species concentrations at point 3, [cfg )], are calculated using the

‘ - . L i+)
Specics Intcgration Subroutine, and the gas paropcrtxcs at point 3, Ag ),
Bgi+1), F§i+1), Ggﬂ‘i), Hgﬁi), agl+1), and Ygl+1)]’ are calculated using

the Gas Properties Subroutine.

5.9.4 SUBROUTINE CHECK (N&)

This subroutine compares current and previous valves of the flow
variables P3, Py 03, V3, Tgi Xg and 'I‘3 for rclative convergence by
calling subroutine CRIT. As soon as a variable is encountered failing
the test, the variables are updated one iteration and the program returns
with the convergence flag set as failed (NQ@ = 1). If convergence is achieved
the variables arc updated onc iteration and the subroutine returns with the

convergence flag set as passed (N@ = 0). i
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5.9.5 SUBROQUTINE CRIT (XN, XM, Ng@)

The purpose of this subroutine is to compare two valves for absolute
or relative convergence and return an indicator stating if convergence

has been achieved..

Calling Sequence:

XN CXy input
XM X . input
m
N@ ‘ indicator, output

N©® =0 implies convergence

N® =1 implies no convergence

where:

if ixm - xn; < g then NO =0 , return

if Ixnl = 0 then N© =1 , return

if ‘ X - xhl / lxn] < g then N©® =0 , return

otherwise “ N =1, return
=5-107°
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‘.. 6 SUBROUTINE DSPT

This subroutine uses five known points to calculate interior points

above and below the strcamline dividing two fluid mixtures.

RIGHT RUNNING

CHARACTERISTIC
BACK DATA
LINE

4a DIVIDING STREAMLINE 3a
o) O
4b 3b
LEFT RUNNING
S CHARACTERISTIC

Points 2, 42, 4b, 6§, and 7 arc huown puinis and points 3a and 3b are the
unknown points to be computed. Properties at points 4a and‘ 3a are above
the streamline while properties at points 4b and 3b are below thc stream-
. line, Since the position x, r, the flow angle 8, and the pressure P are the
same on both sides of the streamline at a point, they are denoted without
subscript 2 or b, Values at point 1 are determined by interpolation be-
tween points 6 and 7. Point 6 is initially assumed to be point 4a and point

7 is the next point on the back data line.

The first estimate of the position of point 3 is calculated from

tan ©

A 4
v, +(x, -x,)tan 0, - r
4 2 4 4 2 1 .
(1) _ tannz—(ez+64-1--af2 -ra4)
3 tan ©
1 - ; 4
tan-i(02+04+az+a4)
(1)
r -r
X3 b2
: tan 5 (02 4 04+af2 +a4)
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The first estimate of the radial location of point 1 is calculated from

1
3 re t %3 ‘xé]tan—z(06+07-aé-a7)

X

NN F *6 (1)
A1) | ‘6

1 ,  F T %6, 4

i - ;——:———r——tanz (96"(‘ 07 - 0’6 - Q7)

7 6
If r(11) > 1o, point 7 becomes point 6 and the next point on the back data
linc is point 7. The above calculation is repeated until r6 ( ) Tqe
(If point 6 becomes a wall point, a new point 2 is inserted by 1nterpolat10n

on the previous streamline and the calculation is restarted.)

The first estimate of the axial location of point 1 is calculated from

1 Xg = X 1
"(1)‘X6+"“’“‘“r7-r6{r§)‘re]
7" %%

The first estirnate of the flow propertics at point 1, EA&“, G§1 ), Hgi ), Pgi),

agi), and 011)], are determined by interpolation on ri1 ). The first estimaztes

of the flow properties at point 3 are calculated from

P
(1) _ 2 (1)4(1) (1)
R "TT"“G In — — +ciolt v 6,0, + 2,G,F, [r3 -rZ]
Py
G.F., sin © '
272 2 (1) (1) (1), (1) {_(1) (1)
- r, [rs - rzl A Gy THy ["3 Tt %y ]

. (1)
GiHi sin 01

lr(11) lx(i) i "(1“]

3
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Point 6 is again assumed to be point 4a and point 7 is the next point

on the back data line. The position of point 3 is calculated from

tan 1 [O(i) + 64]

o 1 [ (1) ] ) 2 L3
ry +(>\2 x4) tan > 63 + 64 rzt 1 () 6
(1) ‘ an > 02 + 03 +a, + a3b]
r3 B tan 2 OU‘) +
. z |93 T8
B 1 (1) (1)]
tap—é-[ﬂz +03 +a2+cz3b‘
_ (i+1) _
x(i+1) = x, + "3 "2
3 -T2

1 (i) (1)
tan2[02+03 +az+a3b}
The radial location of point 1 is calculated from

. X, - X . o . . . .
r(1+1)-—[——-—-——-——-7 6 Ty + x(31+1) - x6] tan—;‘—[e(il) + Ogl) -agl) - a(l)]

r(i+1)= 3 1'7-1'6 3a
1 X, = X . . . .
7 6 1 1.() (i) (1) (i)
; | i- tan [0,1 + 63 - ay - agy

r7 - r~6 2

point 7 becomes point 6 and the next point on the back

78
data line is point 7. The above calculation is repeated until re < rg1+1) s Toe

I ri“i) >r

{If point 6 becomes a wall point, a new point 2 is inserted by interpolation.
on the previous streamline and the calculation is restarted.)

" The axial location of point 1 is calculated from

(i+1) _ x7 = % | i+1)
x = x, + —————— [%'1 ~r6

i | 6 ‘r,i - T
The flow properties at point 1, [Aﬁ”“, Ggﬁ'i), Hi”“, PS:H ), agﬂ-i), and
Gng)], are calculated by interbolation on r§1+1). The flow properties at

point 3 are calculated from
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The species concentrations at point 3
cé”“ and ci(.H.i)
3a 3b

are calculated using the Species I.ntcgratién Subroutine and the gas properties

at point 3
(1) (4] L (41) L(4) (1) () (41) (1) g (41)
Ayl Ay Bay By Fap o Fay Gyt Gay ol Hyy
G41)  (141) (141) (1), J(i+1)
Hyp s ey, s @y 0 Y3, and gy

are calculated using the Gas Propertics Subroutine,

The abovc integration equations are iterated until T3y X3, 93, P3,

T T v and V

P340 P3p? 3a’ “3b’ "3a’ 3b converge to the required accuracy,
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5.9.7 SUBROUTINE EF2D

This subroutine computes the dissoclation recombination reaction

equilibrium constants and thelir temperature derivatives from the following

formulae:
K EK() = DATEF(T), ~ ~AH ;E‘ Ft:-v +2% Pty |
) T expL—-f-L =1 "y =L ey
n - Ht1> y n - Hti‘\ y
dK, ~2 \R Y+, \R /M 1
aT DKTQ) = | T WLy
T
where: lf‘t1 = gpecles free energy st the current temperature
Ht, = species enthalpy at the current temperature

i
AHj== heat of reaction for the Ith reaction

DATEF () =is defined in section 5.4. 2



5.9.8 SUBROUTINE GPF

This subroutine is called by the method of characteristics point subroutines
to obtain the gas property functions R, Cp, vy, M, o, F, G, H, B, and A, For the
TDE and IDEAL GAS options the GPFPG subroutine is called perform the required

computations, For the TDK option the GPFKIN subroutine is called to perform the
required computations,

5.9.9 SUBROUTINE GPFKIN

Given the flow properties at a point, this subroutine calculates the gas
properties required in the characteristic calculations from the following relation- -
ships:

N
R= ) cR,
i=1
N
C = C .
P 3;1 i7pi
%
Y= C - R
P
MV
(vrT) /2
- -1(-1_)
o = sin N/

sin 6

F = Cosa-m

= Y

sin @ cos «

H

h

cos Otan (& - @) - sin ©

N
{(y - 1) cos O N
B = = Z f.h,

yR1 =1 1

_ Cos 3] N f£.R Y - 1 _1_ fh
A= —r 121 Ri-—57— T L MY
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“™ 5,9,10 SUBRQUTINE GPIPG

Given the flow properties at a point, this subroutine calculates the gas
properties required in the characteristic calculations from the following relation-
ships:

If an IDEAL GAS problem has been specified;

N
R = Z ;R
i=1 !
>
C = C
P oy Lpl
C
-}/ = _-_.__R.
C -R
p
M = v
& RT) /2
| o = sm—1 (K/IT)
: _ ‘ sin 6
- Y
G = sin @ cos «o
H = ‘cosBtan (P-a)-sing
A = B = 0

If a TDE (Two-Dimensional Equilibrium) problem has been specified spline
interpolation is used to obtain: -

0% Vs P  ratio of specific heats
Mw vs P molecular weight

T Vs log (P) temperature

M vs  log (P) Mach number

h vs log (P) - enthalpy



and then the following variables are compu téd;

V = (2h0 - zh)l/2
PM
- W
P 49680T

and @, F, G, H, A, and B are computed as in the ideal gas problem described above.
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5.,9.11 SUBROUTINE INPT

This subroutine uses four known points to calculate interior points along

left running characteristics,

RIGHT RUNNING

BACK DATA CHARACTERISTIC

LINE

STREAMLINE

4CY D3

LEFT RUNNING
CHARACTERISTIC

Points 2,4,6, and 7 are known points and point 3 is the unknown point
. to be computed. Initial values (=0) at point 3 for A, B, «, v, and & are taken as

g the values at point 4.

The position of point 3 is calculated from :

. 1 [ i) , ]
tan = |6, ¥86;
r,+(x -x)tan—:-l- 6(i)+6 -r 213 4] _
47%27*y 2 [Y3 T4 T2 1 100 &)
(i+1) an - 62 63 +cx2 +<:v3
r = - :
3 1 (i) b
tan —2" 63 +94
b tan —L[G +6(i)+af + (i)]
2 172773 27 %3
. (i+1)
(i+1) _ I3 "Iy
Xa = x, + )

-
tan —5[92 + 6

3 taptay |

Values at point 1 are determined by interpolation between points 6 and 7.

Point 6 is initially assumed to be point 4 and point 7 is the next point on the back
data line. .
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The radial location of point 1 is calculated from

i) [X7 " *g 4 (i+1) XSJ tan L [e (i) +6(i) _ o[gi) _ aéi)]

r X -
r(iﬂ) ) 3 I, ~Tg 6 3 2171 3
1 X, =X .\ . .
7 76 { i) (1) (i) (1]
1- tan —=- -, -

| ry r6 7 | 3 1 3
If rilﬂ) > oy point 7 becomes point 6 and the next point on the back data line is
point 7, The above calculation is repeated until re <r§1+1) < Ioe (If point 6 be~

comes a wall point, a new point 2 is inserted by interpolation on the previous
streamline and the calculation is restarted.)

The axial location of point 1 is calculated from

. Xey =
NS At [(1+1) ]
7 " %6
(141) - GlD) 1) - G 6(l D are calculated by

1 .01 ’ l ]
linear interpolation on rgl 1) . The pressure at point 1, Pg l), is found by inter-

grating along the left running characteristic between point 6 and 7 as follows

The flow properties A

(modified Euler method)

kP_gm) = 5 [P7 (1-C},) + Py (1+016)}

7
where
[ : sin 67 1
Ciz = G7'_(A7 T —) F, by -ry) - (8, -el)J
sin'66
Ci6 = G _(As - 'TG‘““) Fg r) - xg) - (91 y es)J

The flow properties at point 3 are calculated from (modified Euler method)

. pl) sin e() .
P§L+l) = P, 32 (AGF)(I) (GP)(i) : 32 (§1+1)_r2) G(1) (e(l) 8,1+
32
(i) (i)
P 6 .
é3 [ (AGH) (1) - (GH) (1) SLn 13 G<§1+l)_ xl) + G(l) (9 (1) 6 )
r13
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(i+1) _
93 =

(1+1)

(i+1)
T3

(i+1) (1+1) o
()1 (i) {P3 ( af)l P3 ( —f)z + [(AGF):?;, _ (GF):()}Z) sin 9312
' | s H iT
G213 + G113 P13 P32 rsz
| Yy Sin 6(1) '
M3
(i) ()
Ga3 82 * G139
[ @+1) (-}17)(1)
e S B S ]
Pq P4 exp = N .
- | 34
_ (Z__,_l)(i)
pli+l) | "y "ys o )
= T 3 exp - ( B ) [x . ]
4 L P4 cos 6 ” 3 .

The double subscripts imply averaged values, e.g.

and

Next the gas velocity is calculated as

P_+P
T2
Pas 3
(i)
. (AGFE).M + (AGF)
(i) _ 3 2
(i+1)
N [fal /P4]
= {+1)
in Pa /P4]
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Ny
() N UF 1/2
i+1
Ny (i+1) P p\
NV 1 Py 4

The species conce ntrations at point 3, [C(HI)J , are calculated using the Species

i
3 . .
Integration Subroutine and the gas properties at point 3, [Aéiﬂ), B:(;ﬂ), P:(;"'l),

G§1+1), H:(;Hl), a§i+1), y§i+l)], are calculated using the GPF subroutine,

The above integration equétions are iterated (i=1,...) until r 6

. 3' x3l 3I
P3, Pgr T3, and V3 converge to the required accuracy.

5-111



v 5.9.12 SUBRQUTINE NESK (¥)
™ A single precision linear equation solver which is used to perform

the matrix inversions required by subroutine SINT. Gaussian elimination is
used with row interchange taking place to position maximum pivot elements
after the rows are initlally scaled. The solution vector is returned in array Y.

Identical to subroutine LESK.
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5.9.13 SUBROUTINE PRINT (ID)

The purposé of this subroutine is to print output for the supersonic flow
calculation as requested by the program input. Printout may occur after the com-
pletion of each mesh point calculation. Points for print are selected as follows:

1) The following points are always printed:

axis points

dividing streamline points
initial line points

wall points

2) Interior points are selected for print only along every n,th left run-
ning characteristic and only at every nzth position along these char-
acteristics, -

3) Inserted points are printed if and only if all points are to be printed
(n,=n,=1),
172
The items printed are listed in the table below in the order they appear,
left to right, on the output sheet. A header is printed for identification purposes
above each characteristic,

)
HQ<©° WMo ZX

Item Header Meaning Units "~ SI Units
" LRC number LRC ~left running charact- none . none
_ eristic number
Identification ID type of point (see none -none
number below)
R r position coordinate none - none
X X position coordinate none none
"MACH Mach number ' none . none
THETA streamline angle degrees degrees
T(DEG.R) temperature °R °K
P(PSI) pressure PSI N/M?
DENSITY density 1b/ft? KG/M®
VELOCITY velocity ft/sec M/sec
CF thrust coefficient none none
sp 1Sp specific impulse | sec sec
Iteration 1T number of iterations - none none
number required
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A}

1f the input term NC is set non-zero, the species concentrations
(partial densities) are printed seven items per line in successive rows
immediately below the above items. A header giving the species names

is also printcd 1mmcc11atc1y below the above header.

Of the quantitiecs above, the followingare calculated within subroutme

PRINT:

M =V//yP/p

.Ft/r'ng g=32.174

CF =g ISP/C*

The table below relates the printed identification number to the type

of point calculated:

1D Type of Point Calculated
i initial line point, or inserted point 1 off aﬁcié
2 interior point '
3 axis point
4 dividing streamline point
5 wall point
6 inserted point

If the option to punch a Mach number table has been selected, the
axial and radial coordinates and the Mach number for the last wall point for
each characteristic will be punched. The punch unit is referenced directly in this
subroutine. A test is made In this subroutine to (on option) abort the run if the
maxlmum number of iterations has been exceeded in calculating a mesh point
- to be printed. |
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For an ideal gas calculation the divergence efficiency, oIV is calculated
‘and printed at each wall point. The divergence efficiency is defined as follows:

DIV = Isp/ ISP(lD) at y = constant
where:
I = as above
sp
I = Yml
SP(1D) 1 Sp;
= *
Ispi A Ci Cfi
g ne |12
1/2 v, - 1
%* = ’Y
G} ] R, /vi| E ()
Cf = the one dimensional value for Cf at the area ratio
i : printed.

!

5.9.14 SUBROUTINE SDERIV
The total derivatives f and the partial derivatives Si . of the

chemical relaxation equations are calculated using the relations spemflcd in
subroutine DERIV of the one-dimensional chemical kinetic and cquilibrium

subprogram. The additional vector 3 i 4 is calculated by the relation

= e * =
Qi, 4 fi tan @ i 1,...,NS‘P

The calculation for Ei is replaced with

K1=(MW1'P « I'*) /(V « COS g)
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5.9.15 SUBROUTINE SINT

: "\\ :
e This subroutine intcgratcs the chemical relaxation equations using
an implicit integration method to enhance numerical stability. '
N 3 o 4 .
(i) _ (i) (i), (i) _ , (i) (i)
=g wWa ) gy RURT AR ) 6y AY;
=1 =1
where k(;) is obtained by solving A K =0, where
[~ L L ] B ﬂ GT
SPRRLYPICINIL o1 B [ o,
31 222 ° " 22N Ll | 2
Z = . . ) . R - , 5 =
|*N1 2N2 aNN] Y L )
and
¢5,.=0forifj
- (1) H
a,; 81 L A PP,
5 N Ie 6= 1 foris=]
J
K, = ki3
i i
. @ 4 (i)
Qi =k fin n + .Z‘ ¢ijn n ij
L i=1
If the temperature at the back point, i.e. point 4, is below the temperature
~ criterion for explicit integration to occur (GZEXPL, nominal = 0 °R, the ‘
species concentrations are integrated using:
. . )
ki fi, n h
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5.9.16 SUBROUTINE SUBIL (MS)

The purpose of this subroutine is to acquire values of the variables
P, p, 0, V, x, r, T, and C; from the initial line array, PSS, for point
number MS and use subroutine GPF to calculate corresponding values

for A, B, F, G, H, ¢, and y. All values arc then placed in the working

array, PS, for use by subroutine CNTRL.

5.9.17 SUBROUTINE THERM

This subroutine reads converted and blocked JANMAF data from the

tape written by subroutine STFSET of the One Dimensional Kinetic Analysis

Subprogram. Subroutine SPLN is then used to interpolate on temperature

for the variables Pi’ Hi, and C..

P.O
1
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"

5.9.18 + SUBROUTINE WLPT

This subroutinc uses two known points to calculate a wall point

3 7
4 6
\\TALL 51 TS LEFT RUNNING

CHARACTERISTIC

2

Points 2 and 4 are known points and point 3 is the unknown point to be

calculated. Points 6 and 7 are points in the wall table adjacent to point 3.

Points 6 and 7 are initially assumed to straddle point 4.

The first estimate of the axial location of point 3 is calculated from

-r
. 6 \
(1) "z“‘(r6°rz°’x7 6x6>cot;2;(e +94+a2*a4
iux -~ cot-’z(02+04+az+a4)
7 76 .
1f x( b > x.,, point 7 becomes point 6 and the next point in the wall table

3 7
is pomt 7. The above calculation is repeated until xg < x(3 ) s Xq.

The {irst estimate of the radial position of point 3 is ca,lculated

from

5-118



6T1-S

‘ournorqng sanlradorg sern 9y SUISN pPIIR[NO[ED 2JE ¢ :w>

€p ¢ Erp 0 Ey o £ € 0 & ‘¢ qurod 1E sa1jaadoad seld oyl Jo
1° @R T ¥ v e . B3

sajPuII}so 3SIIJ 9Yj pUuB ‘durnoiqng uoilzifoju] satdadg 3yl Suisn paje(noafed

pue ¢

sxe * Awu _ ¢ jutod je suoreIjuedUOd s0103ds JY] JO $HIVWIISI ISATF YL

( )
¢ al., v LIRS A N I
| :wm vm A“mAN r4 (1)
) N
T, N
2/ . (1) J
p./ €
~ .a\:vaTﬁ =N
RES 3 1
. o/l |
._wx - 9 509 | so ﬁ:wmgwm. . £
(1) Vg ﬁ mm_ (1)
b (r)
A
1-7A
*vxu mx va SO | dxa ...W.n.mlwa = mn_
(1) v< € (v)
5 (1)
AlY
2n - €Al 24 -
— 0 Aﬁm; o
4
2, . ¢ k 12y . £.12:2-200 gxa 27 - €
_ * :l 2g urs 24%0 _H :l LDV e d :vm‘
nw....llllllclunlhun uel = MO
9 - Ly /V" (1)
woay

pajernored axe ¢ jurod je sarjxodoxd mory oYz Jo S93BWIISD ISATY Y],



Points 6 and 7 are again assumed to straddle point 4 and the axial

location of point 3 is calculated from

r,-r . .
7" %6 1 (4) (1)]
x, +{r, - r, - —— x cot=]0, +0," +a, +a
x(i+1)_ 2 (6 2 Xo =X 6> 2[2. 3 2 3
3 T r., - T . -
6 1 (i) (1)]
7 6
I1f x(31+1) > X point 7 becomes point 6 and the next point in the wall table
is point 7. The above calculation is repeated until xg'< x(1 1) X
The radial location of point 3 is calculated from
. T, -T .
r(31+1) = rg +_}_(_Z_:__;C_§_[x(3ﬁ 1) _ xé]
7 6
The flow properties at point 3 arc calculated from
. yfr, -1
9(3” 2 tan 1<«-—-—--——-——~—x7 — x6)
. 7 6
plitt) 1 [al (1) (1) (3) ” (i+1) ]
P3‘ =P, ex A G 3+A,G’r2F2 - T,
PROME I . ‘
1 (?_13 I:3 sin 63 . GZFZ sin 92 ir(i,_H) ]
2 (+1) r 3 T T2
! r3 2
e g | ot - q,]
- C}3 + GZ 93 - 6,
i{1 1
HACPRNE)
g T3 (1)
i i
i) Py exp |- 4 Aa M3
3 4 P4 [ 2| cos 64 cos 0(31)
(it+1) ]
3 *q
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1Y Y3
21 vy (1)
1) Y3 )
i) | o Py’ | _Bs By
3 T t4lTP CXP 1-Z1Sos 0 i
: 4 ‘ 4 cos 03
(i+1)
3 T Xy
(i+1) /. ]
N(i'H)-— ln[P3 .94
T 143
NESRIN
r : N\ 172
N(J.-H}_1
Nh-i—ﬂ
. (i+1)
et |2, et Ta |5 )
3 - 4 (1+1) ) P
N -1 Py 4
\ \ J

. . . i+ 1 .
"The species concentrations at point 3, c(.1 ) , are calculated using the
P P i g

Species Integration Subroutine and the gas properties at point 2, iAgH‘i),
(i+1) (i+1) (i+1) _(i+1)  (i+1)

By L Fy L Gy L Hy L oegt

the Gas Properties Subroutine.

it1 . s .
and y% )J, are calculated using

The above integration equations are iterated until x P

3’ r3’ 93’ 3’

P3 T3, and V3, converge to the required accuracy.
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6.0 PROGRAM USER'S MANUAL

Discription of the Computer Program

)

This computer program was developed on the Univac 1108 computer using
the FORTRAN V language. The program uses overlay and runs in 65K core. Pro-
gram overlay extends four levels., (See Section 4, Program Overlay Structure)

The program input is read from logical unit 10 and program output is
written on logical unit 6. Options of the programs that punch cards use PUNCH

statements.

Six additional logical units are required by the program as described

below:
Logical Unit Usage FORTRAN Name
25 Thermodynamic data tape JANAF
26 . Scratch file KREAX
27 Scratch file KSTF
28 Scratch file IRREAD
29 Scratcn file ITSTAB

5 Program input storage

These units are written and/or read by their FORTRAN names. The logical units
are assigned to the FORTRAN names by DATA statements in the main program and

thus may be easily redefined.

The computer program consists of four subprograms, ODE, ODK, TRANS,
and TDK. All of these subprograms are required to perform a complete two dim—
ensional non-equilibrium nozzle performance calculation. Various options exist
in the program, however, which exercise the above subprograms alohe, in part,

or in combination.

Input to the computer program has been divided into data sets. The com-
p’uter program recognizes each input data set by the first card in the set. These

data sets are listed in Table 6-1.

The program input is described in detail below in the order given in
Table 6-1. Data required to run a particular case must be input to the computer

program in the order presented in this user's manual,



TABLE 6-1.

INPUT DATA SET DESCRIPTIONS

Data Set First Card Last Card Section Explaining

col. no. col. no'Hf reautred) The Data Set
1123451678910 112345678910

Thcrmcc_!znamlc Data TIHE R M EIND .1

Thermodynamlc Data LigW T} CPHS EIND Ligw T CP HS 6.1.1

Below 300°K .

Title Cards THTLE fetc.)* (none required) 6.2

Problem Card PIREBLIEM (ote,) (‘?9‘}? required) 6.3

Reactant Cards REACTIWNTS {blank card required)] 6.4.1

Omit and Insert Cards oML T {ctc.) (none required} 6.4.2.1
I{NS ERI|T {etc.) (none required) 6.4.2,2

@DE Namelist NJAMEL[ STS ) . " (none required) 6.4.3

. . $ ODE . $ E ND| 6.4.3

@ADK antlan - for Innnt SIPECIIES {ote,) {nons reguired) 5,8,1.1

of Initial Species Con-

centrations

Reactions RIEACT| NS LIAST |[REAX 6.5.2.1

Inert Spectes Optlon IINERT[S (etc.) {none required) 6.5.2.7

Third Body Reaction T{HI RD| B DY (etc.) {LIAST |CARD 6.5.2.8

Rate Ratlos

ODK Namelist $ gDK [S END 6.5.3

TRANS Namelist STRANS BEND 6.6

TDK Namelist $ TDK SEND 6.7

* The comment (etc.) tmplies other information is to be punched on the card,
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Certain special options to the computer program are described sepératély

in Section 6.8.

An input data card listing for a sample case is presented in Section 7,
followed by the corresponding computer cutput.: In preparing input to the com-

puter program it is useful to review this input card listing.

Successive cases can be run using the computer program but complete

data should be input for each case.

6.1 THERMODYNAMIC DATA

This 'data set is identical to the THERMO DATA described in Appendix
D of NASA SP-273 (i.e. Reference 9).

Using this data set, thermodynamic data curve fit coefficients may be
read from cards. The curve fit coefficients arc generated by the PAC computer
program described in NASA TN D-4097 (i.e. Reference 22)

The thermodynamic data (i.e. C; ., etc.) are expressed as [unctions
of temperature using 5 least squares curveT fit coefficients (al-S) and two inte-

gration constants (a;_,) as follows:

c° : '
. p
}—-ﬁl =a; +a,T+ a3T2 + a4T3 + aST4 (6-1)
H‘,} azT 513T2 a4’1‘3 aST4 a6
Rt Tttt st (6-2)
a0 2 3 4
ST = InT + T+a3T +a4T +65T + ( )
R~ =2 InT+a, 2 3 7} ay 6-3

For each species, two sets of coefficients (al_7 and a'1_7) are specified
for two adjacent temperature intervals, lower and upper respectively. For the
data available in Reference 9 the lower temperature interval is 300° to 1000°K
and the upper temperature interval is 1000°K to 5000°K.



The input format required for this thermodynamic data is defined in Table
6-2. Data cards for the specics H, 1102, H2, H20(L), H20, 11202, O, OH, and
O2 are listed in Ta-ble 6-3 as examples. Thermodynamic data coefficients for
421 species are available in Reference 9 and are supplied with the computer

program. A list of these 421 species names is presented in Figure 6-4.

Data Tape Generation and Usage:

A computer run using thermodynamic data card input will generate a data
tape on logical unit JANAF. This tape may then be saved and used at a later time
The program writes the THERMO data card images on unit JANAF as read but with
two minor exceptions, The THERMO code card and the card numbers in card

column 80 are omitted.

If thermodynamic data cards are not input, the program assumes the
thermodynamic data is on logical unit JANAF. Logical unit JANAF is
currently assigned a value of 25.
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.. TABLE 6-2 FORMAT FOR THERMODYNAMIC DATA CARDS
Card Contents Format Card
order column
1 THERMO 3A4 lto 6
2 Temperature ranges for 2 sets of co- 3F10.3 1 to 30
efficients: lowest T common T, and
highest T
3 Species name 3A4 1to 12
Date 2A3 19 to 24
Atomic symbols and formula 4(A2,F3.0) 25 to 44
Phase of species (S,L, or G for solid, Al 45
liquid, or gas, respectively :
Temperature range 2F10.3 46 to 65
Integer 1 , I15 80
4 Coefficients a ‘(i =1 to 5) in equations 5(E15.8) lto 75
: (6-1) to (6-3) * :
(for upper temperature interval)
Integer 2 I5 80 ‘
Y n""ffiCLC""u H9 Cquau.uua \V 1‘ tc &- ')\ S(Els. 8) 1 tO 75
%, a for upper temperature mterval _
al, 3y and a, for lower) |
Integer 3 15 80
6 Coefficients in equations (6-1) to (6-3) 4(E15.8) ito 60 ;
(a,,a ,a;,a. for lower temperature in- S
4 67
terval
Integer 4 120 80
(a) Repeat cards numbered 1 to 4 in cc 80
for each species :
(Final | END (Indicates end of thermodynamic 3A4 1to 3
card)| data)

a A . . ' =
Gaseous species and condensed species with only one condensed phase can be

in any order., However, the sets tor two or more condensed phases of the same

species must be adjacent. If there are more than two condensed phases of a
species their sets must be either in increasing or decreasing order according

to their temperature intervals,



TABLE 6-3. THERMO DATA CARDS I'OR AN O /I"I PROPLLLANT

(Species AR, H, ‘Hz, H 0, N O OH and O )

HERMO

300,000 1000,000 &000,000 ,
R L §/664R 100 000 000 0G 300,000 5000,000
"0,25000000E 01 0, 0o 0. 0,
S 0,74537502E 03 0,43660006€ 01 ,25%000000E 01 0, 0,
0, o. e0,T453749RE 03 0,43660006E 0}
o J 9/65H 100 000 000 0G 300000 5000.000
0,25000000E 01 0, 0 0 0,
 0,25471627E 05=0,46011763E 00 ,25000000€ 01 O, 0.
0, 0. 0.256471627E 05-0,46011762E 00
2 J 3/61H 20 00 00  0G 300,000 5000.000

0e31001901E 0] 0.51119464E=03 0:52644210E=07=0,34909573E=10 0,3696534KE=14

" 0.BTT38042E 03=0,19629421E 01 030574451t 01 0,26765200E=02~0,58092162C«05
0655210391E~008~0.18122739E=11=n.08R90674E 03~0,22997056E 01

- 20 J 37611 20 100 000 0G  300.000 5000.000 _

0,27167633E 01 0,294651374E=02-0,80224374E-06 0,1022066R2Ew09-0,648472145E-14

C0,2990GR26E 05 0,66305671E 01 A.40701275F 01-0,11084400E-02 0,41521100E-05

© ) ,206237404€.08 0 _R07021036-12-5 302707225 05.0,32270048E 00

-2 J 9/65N 20 00 00 06 300,000 S000,000

. 0.28%963194E 01 0,15154866E=02=n,57235277E=056 0,99807393Ew10~0,55223555E~14

0+90586184F 03 0¢61615168F 01 0+36748261E 01=012081500E=02 0423240)102E=~05
T 0.63217559FE=09=0,22577753E=12~0,10611588F 04 0,235B80424E 01

B J 67620 100, 000 000 0G 300,000 50004000 ]

0.25620596E 0170,27550619E=04=n,31028033F =08 0,45510676E«11=0,43680515E«15
0e29230R03E 05 04492030080FE 01 ae29464287E 01=0e¢16381665E*02 0424210316E~05

0016028432E=08 0¢3B0696GE"12 0e2914T644E 0S5 0429639949 01

H J 37660 1H 100 000 06 300,000 5000,000

0 ?9106427E 01 0,959316%0F=03~0,19641702E-06 0,13756646E=10 0,14224542F=15

0,39353815F 04 0,54423445€ 01 n,38375943F 01=0,10778858E~02 0,96830378E~06

0,18713972E=09-0,22571094E=12 0,36412823E 04 0,49370009E 00

2 - J 9/650 20 00 00 0G 300000 S000:000
0436219535E 01 0,73618264E=03~ 0.196§2?28E 06 0,3620155BE=~10~0,2894562TE=14

0,12019825E 04 0,36150960F 01 0,3625598%5F 01=0,18702184E«02 0,70554544E-05

0,67635137€.08 0,21555993¢=11.0, 104752665 04 0,43052778g 01

-jND
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L(S)

AL (L)

AL
AL+
ALBO2
ALCL
: ALCL+

- ALCLF
ALCLF2
ALCL2
ALCL2+
ALCL2-
ALCL2F
~ ALCL3(S)
ALCL3(L)
ALCL3
ALF
ALF+
ALF2
ALF2+
ALF2-
ALF3(S)
ALF3(S)
ALF3
ALH
ALN(S)
{ILN
AL,O
ALO+
ALOCL
ALOF
ALOH
ALOH+
ALOH-
ALQO2
ALO2-
ALO2H
AL2CL6
AL2F6 -
"AL20
AL20+
AL202
AL202+
AL203(S)
AL203(L)
AR
AR+

B(S)
B(L)
. B

R

Table 6-4.

BCL
BCL+
BCLF
BCL?2
BCL2+
BCL2~
BCL3
BF
BF2
BFZ+
*BF2-
BF3
BH
BHF?2
BH2
BH3
BN(S)
BN
BO
BOCL
BOF
BOF2
BO2
BO2-
BS
B2
‘B20
B202
B203(L)
B203

B3O3CL3

B30O3F3
BE(S)
BE(L)

BE

BE+
BEBO2
BECL
BECL+
BECLF
BECL2(S)
BECL2 (L)
BECL2
BEF
BEF2(S)
BEF2(S)
BEF2(L)
BEF2

BEH
BEH+
BEN

SPECIES WITII THERMODYNAMIC DATA PROVIDED

BEO(S)
BCLO(L)
BEO
BEOH

" BEOH+
BEO2H2
BE2O
BE2OF2
BE202
BE3O3
BE4O4

CSs2

C2CL2
C2r2
C2F4

C2H
C2HF
C2H2
C2H4
C2N
C2N2
C20

C3
C302
Cc4

Cs

CL

CL+
CL-
CLCN
CLF
CLF3
CLO
CLO2
CL2
CL20
CS(S)
CS(L)
CS

CS+
CSCI.(S)
CSCL(S)
CSCL (L)
CSCL
CSF(S)
CSF(L)
CSF
CSO
cs2 .
CS2CL2
CS2F2
CcS2C

FE(L)
FE
FECL

6-7

FECL2(S)
FECL2 (L)
FECL2
FECL3(S)
FECL3(L)
FECL3
FEO(S)
FEO(L)
FEO
FEO2H2(S)
FEO2H2
FEO3H3(S)
FE203(S)
FLE304(S)
H

H+

He

HALO
HBO
HBO+
HBO?2
HCL
HCN
HCO
HCO+
HCP

HF

HNO
HO2

H2
H20(8S)
H20(L)
H20
H202
H2S
H3B306
HE

HE+

K(S)

K(L)

K

K+
KCL(S)
KCL (L)
KCL
KF(S)
KF(L)

KF

KF2-
K2F2

KO

KOH

- KOH(S)

KOH(L)
K2
K20(S)
LI(S)
LI(L)

LI

LI+
LICL(S)
LICL(L)
LICL
LIF(S)
LIF(L)
LIF
LIF2-
LIFO
LIH(S)
LIH(L)
LIH
LIN
LIO
LIO-
LIOH(S)
LIOH(L)

T YNTT
FEE R Y

LION
LI2
LI2CL2
LI2F2
LI20(S)
LI20(1)
LI20
L1202
LI202H2
LI3CL3
LI3F3
MG(S)
MG(L)
MG
MG+
MGCL
MGCL+
MGCLF
MGCL2(S)
MGCL2(L)
MGCL2
MGF
MGF2(S)
MGF2(L)
MGF2



Table 6-4, (cont'd)

MGH

MGN
MGO(S)
MGO(L)
MGO
MGOH
MGOH+
MGO2H2
N

NF

NF2
NF3

NH
NH2
NH3
NO
NO+
NOCL

- NOF
NOF3
NO?2
NO2-
NO2CL
NO2F:
Nz
N2C
N2H4
N20
N204
WNA(S)
NA(L)
NA
NA+
NACL(S)
NACL (L)
NACL
NAF(S)
NAF(L)
NAF
NAF2-
NAH
NAO
NAO-
NAOH(S)
NAOH(L)
NAOH
NA2
NA2CL2
NA2F2
NE

NE+

O+

OH
OH+
OH-
02
02-

P(S)
P+
PCL3
PF3
PF5
PH
PH3
PN
PO
PS
P2
P4
S(S)
S{L)

S+
Sr4
SF6
SH
SN

SOF2
SO2
SO2F2
SO3
S2
S1(S)
SI(L)
SI

SI+
S1C
SIC2
SICL
SICLZ2
SICL3
SICL4
SIF
SIF2
SIF3
SIF4
SIH
SIH4

SIN

S1I0
S102(8)
S102(S)
S102(S)
S102 (L)
S102
SIS

Si2
S12C
SIZN
SI3

XE
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6.1.1

THERMODYNAMIC DATA BELOW 300°K

For low temperature calculations it may be nccessary to extend the

curve fit data in the Thermodynamic Data file (see Scction 6.1).

The lower

temperature limit, T,, in the Thermodynamic Data supplied with the program is

T,=300°K

4

Thermodynamic Data below the temperature, Tz, may be input by data cards as

described below.

col 1y

card 1 L@W T CPHS
card 2 6 o o s o

- T A o e ~0 -0
vaLra 9 4 ll\ \JPT T
. vy ° o
card n+2 T‘r’lK C°PT _HT
(final END L@W T CPHS
card)

©c & ¢ o 0 © € o n

5y 1
S‘,’I, 2 nth (1sn<3)

Temperature must be T 1 <T 2 <T 3 < T/Z,‘

Directive for start of
low temperature CPHS
tables (col 1 through 10).

12 character species

name, left justified

followed by the integer,

n, punched in column 21.
The integer n must be such
that 1 sn <3 and represent
the number of Thermodynainic
Data points to be input for
this species.

First Thermodynamic Data
point for the above species,
input 4F 10.0, -IS.

nth Thermedvnamic Data
point for the abcve species,
input 4F 10.0, 15.

Repeat cards 2 through n + 2 above for each species to be input.

end directive (col 1
through 14)

An example of this input is given in Table 6-5 which shows a card listing extend-
ing the Thermodynamic Data for an OZ/HZ propellant to 100°K, Data in Table 6-5
s taken directly from the JANAF tables (Refcrence 9), except for Argon which is

taken from NASA SP-3001.
The quantity H‘,’I, is defined as
H, =

- AR®

0 10
(H-H7 . ,) £

298

cal/mole - deg K

cal/mole - deg K

298

, cal/mole



TABLE 6-5. LOW TEMPERATURE c‘; , H‘,’r S?, DATA FOR AN oZ/H2 PROPELLANT

T _T

LOW T CPHS

AR 4 _

100,0 4,9681 “9R4,5 31,556 1

200,0 4,9681 487,77 34,999 2

H 7

100.0 4,968 51118, 21.965 1

200,0 4,968 51614, 25,408 2

M2 2 '

100.,0 5.393 ~1265, 244387 1

200,0 6,518 -062,0 PB.520 2

HZ20 2

100,0 74961 «59378,9 36,396 1

200.0 7,969 -58581,9 41,916 2

N2 2

200,0 6.989 =584, 42986 2

0 : 2

100,0 S.666 SR47G, 32466 1
. 20040 5,434 59036, 36,340 2
OM 2 ,

100,0 T.567 7879, 35.852 1
. 200,0 7.309 8623, 41,021 2
02 2

1000 6958 =1381. 41¢305% 1

20040 6961 ~685 464218 2

END LOW T CPHS
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6.2 TITLE CARDS

This input permits labeling _of runs with alphanumeric information, As

many title cards as desired may be input in sequence. Card format is as follows:
col 1-5 col 6-77

TITLE any alphanumeric information
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If NZZNES is not input then n = 1 is assumed.
The last field on the problem card can be used for comment,
Example Problem Cards:

PRZBLEM @DE-@ZDK-TDK, NZ@NES = 5, TEST CASE DEM{
PRZBLEM @DE, NZ@NES = 10, TEN EQ/FR CALCS
PRZBLEM (DK, KIN EXPN FR@M INPUT START C@ND
PRZBLEM TDE, SI =1, NZCZNES = 3, TEST CASE
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6.4  @JDE INPUT DATA (ALL PROBLEMS SPECIFYING @DE)

The Q’DE Input data described here is exactly as defined in NASA SP-273,
Reference 9, except namelists input SINPT2 and SRKINP have been combined into
a single list named $@ZDE. Any type of equilibqium calculation available with the:
computer program described in Reference 9 can thus be computed using the. SGDE
input data*. In this document, however, only the RKT option of namelist is
described. The RKT option differs from that of Reference 9 for problem types
other then single zone @DE.

The @DE input data consists of the following input groups:

1. REACTANTS directive card, followed by up to 15
data cards, followed by a blank card,
specifying reactants,

2. @MIT and INSERT . directives to omit or insert species for
equilibrium/frozen calculations.
3. NAMELISTS directive card followed by input

namelist SPDE specifying input
case data.

6.4.1 REACTANTS CARDS

- This set of cards is required for all @DE problems. The tirst card in the
‘Set contains the word REACTANTS punched in card columns 1 to 9. The last card
in-the set is blank. In between the first and last cards may be any number of cards

up to @ maximum of 15, one for each reactant species being considered. Thke

~cards for each reactant must give the chemical formula and the relative amount

of the reactant. For somc problems, enthalpy values are required. The format
and contents of the cards are summarized in Table 6-6., A list of some REACTANTS
cards is given in Table 6-7.

Relative amounts of rcactants. - The relative amounts of reactants may be

specified in several ways. They may be specified in terms of moles, mole fraction,
or mole percent (by keypunching M in card column 53) or in terms of weight, weight

fraction, or weight percent (blank in column 53).

Relative amounts of total fuel to total oxidants can also be input. For this
situation, each reactant must be specified as a fuel or an oxidizer by keypunch-
ing an F or O, respectively, in column 72 of the REACTANTS card. The amounts

*These options include TP,HP,SP, TV, UV, or SV prohlems, Chapman-Jouguet de-
tonation problems, and incident or reflected shock problems.
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TABLE 6~6. REACTANTS CARDS

Last

Blank

Order Contents Format Card columns
First | REACTANTS 3A4 ito?2
Any | One card for each reactant species
(maximum 13). Each card.contains:
(1) Atomic svmbols and formula num- | 5(A2. F7.5) 11045
bers (maximum 5 sets)al
(2) Relative weight® or number of F1.5| 461to52
moles
(3) Blank if {2) is relative weight or Al 53
M if (2) is number of moles
(4) Enthalov ar internal nnnrgyu. Fo &5 B4t5 £2
cal mole
(5) State: S, L, or G for solid. Al 63
liquid or gas, respectively
(6) Tenipera‘ure assaciated with F8.5 64 to 71
enthalpy in (4)
(1) F if fuel or O if oxidant ALf . 12
(8) Density in g c1113 (optional) F8.5 73 to 33

“Pro,:r:\m will culcglme the enthalpy or interml eneryy (4) for svacies in
the THERMO data at the temperature (6) if zeros are punched in card
columns 37 and 38. (See section Reactant enthalpy for additional in-
fornmution.) ‘

bRel;ui\'e weicht of fuel in total fuels or exidant in tota! oxidants. All
reactants must be given either all in relative weivhts or all in number
of moles.

&6-15




REACTANTS
N2,
N ,780881

REACTANTS
N1,
¢ 1,
ALY,
H 2,

REACTANTS
H 2,
0 2,

REACTANTS
N 2,
N 2,
F 2,

REACTANTS

Li4,
F 2,

. REACTANTS

N 2,
BEY,
H 2,

TABLE 6-7 LISTING OF SAMPLE REACTANTS CARDS

0 +209795AR,004662

H 4, CLi, 0 4,
H 1.,869550 ,0312568 ,008415
01,
0 1,
00
00
H 8, C 2.
H 4,
H 4,
0 2,

100,
i00,

7206
18,58
9.00
¢ 20
116

100,
i00.0

50,0
50,0
ing,

100,
100,

80,
20,
100,

0, G298.15
=7,2021646298,15

'70730' 8298015
-2999,082L298,15
+C,0 §293,15
-143700, S$294,15
~68317.,4 298,19

0, 6298,15
0.0 6298,15
12734,8 298,15
12050, 298,18

'-3030,892L 85,24

0. §298,15
-3030,892(. 85,24

12100, 1L298,15
0.0 §298,15
=44880, L298.,15

*Listed above are six examples. Each example must end with a blank card.
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\

given on the REACTANTS cards are relative to total fuel or total oxidant rather than

total reactant.

There are four options in the $@DE namelist for indicating relative
amounts of total fuel to total oxidant as follows:
1. Oxidant to fuel weight ratio (JF is true)
2. Equivalence ratio (ERATI{ is true)
3. Fuel percent by weight (FPCT is true)
4, Fuel to air or fuel to oxida‘nt weight ratio (FA is true)
For each option, except @DE with NZ@NES=1, the values are given in the
@FSKED array of $DE (described in Section 6.4.3). For ¥DE with NZ@NES=1,
the MIX array is used as described in Reference 9,

Reactant enthalpy. Assigned values for the total reactant are calculated

automatically by the program from the enthalpies of the individual reactants,
Values for the individual reactants are either keypunched on the REACTANTS
cards or calculated from the THERMJ data as follows:

Enthalpies are taken from the REACTANTS cards unless zeros are punched
in card columns 37 and 38. For each REACTANTS card with the "00" code, an
enthalpy will be calculated fo_r the species from the THERM{ data for the tempera-
ture given in card columns 64 to 71.

.When the program is calculating the individual reactant enthalpy for |
values from the THERM{ data, the following two conditions are required:
1. The reactant must also be one of the species in the set of THERM{ data.
For example, NH (g) is in the set of THERM{ data but NH (¢) is not. Therefore,
if NH (@) is used as a reactant its enthalpy could be calculated automatically, :
but that of NH (2) could not be, _
2. The tomperature T must be in the range T /l 2sTs Th ghx 1.2 where Tlow
to Thlgh is the temperature range of the ‘I‘HERM(Z data.

For cases with NZ@NES > 1 (see Problem card, Section 6.3) it may be de-
sirable to modify the enthalpy of each zone. This can be done by using the DELH

input array. For the i th zone the lth DELH entry will be added to the system
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enthalpy as computed by @DE from the reactants cards (see above)., For example,
overall system enthalpy of the propellants in the tank can be input through the reactants
cards and the work added or extracted per zone can be input by the DELH entries. |
An alternate method would be to input zero enthalpy on the Reactants cards and

input enthalpy per zone by the DELH entries.

6.4.2 GMIT and INSERT Cards

@MIT and INSERT cards are optional. They contain the names of particular
speciés in the library of Thermodynamic Data for the specific purposes discussed.
below. Each card contains the word @MIT (in card columns 1-4) or INSERT (in
card columns 1-6) and the names of from 1 to 4 species starting in columns 16,
31, 46, and 61. The names must be exactly the same as they appear in the
THERM® data.

6.4.2.1. . O@MIT Cards

" These cards list species to be omitted from the THERMJ data. If GMIT
cards -are not used, the program will consider as possible species all those
. species in the THERM®@ data which are consistent with the chemical system

... being considered. Occasionally it may be desired to specifically omit one or

‘more species from considerations as possible species. This may be accomplished
- by means of @MIT cards.

6.4.2.2 INSERT Cards

These cards contain the names of condensed species only. They have

been included as options for two reasons.

The first and more important reason for including the INSERT card option is
‘that, in rare instances, it is impossible to obtain convergence for assigned enthalpy

problems (HP or RKT) without the use of an INSERT card. This occurs when, by '
considering gases only, the temperature becomes extremely low. In these cases,
the use of an INSERT card containing the name of the required condensed species
can eliminate this kind of convergence difficulty. When this difficulty occurs,
the following message is printed by the program: "LOW TEMPERATURE IMPLIES
CONDENSED SPECIES SHOULD HAVE BEEN INCLUDED ON AN INSERT CARD".



The second and less important reason is that if one knows that onc or
several particular condensed species will be present among the final equilibrium
compositions for the first assigned point, then a small amount of computer
time can be saved by using an INSERT card. Those condensed species whose
chemical formulas are included on an INSERT card will be considered by the
program during the initial iterations for the first assigned point. If the INSERT
card were not used, only gaseous species would be considered during the initial
iterations. However, after convergence, the program would automatically insert
the appropriate condensed species and reconverge. Therefore, it usually is
immaterial whether or not INSERT cards are used, For all other assigned points
the inclusion of condensed species is handl.ed automatically by the program.
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6.4.3 $@ODE NAMELIST INPUT

The ZDE subprogram contains namelist input sections $S@DE
and $SSHKINP., The Namelist $(ZDE must be preceded by a card with NAMELISTS

punched in card columns 1-9,

The $PDE Namelist is required for the following problem typesi
@DE
@DE-@DK
ZDE-ZDK~TDK
A TDE
For the JDE problem type any of nine (9) different equilibrium problems can be
solved, These are TP,HP,SP,TV,UV,SV,RKT,DETN, and SHFCK. For the @gDE-
@DK, GDE-@DK-TDK, or TDE problem type, only the RKT problem can be
solved. In this section only the RKT input option is discussed. Reference 9 is

to be used to prepare input for the other equilibrium problems.

The variables input by the $@DE namelist are listed in Table 6-8.

Additional information about some of these variables follows:

n T
&

o

Pressure units, - The program zssumes tho prossurc in the

units of atmospheres unless either PSIA = true, or SI = true, _
Relative amounts of fuel(s) and oxidizer(s). -~ These quantities may be specified by
assigning 1 to 15 values for either o/f, %F, f/a, or r. If no value is assigned -

for any of these, the program assumes the relative amounts of fuel(s) and oxidizer(s)
to be those specified on the REACTANTS cards. (See discussién in REACTANTS
Cards, Section 6,4.1) -

RKT problem. - Only one value for chamber pressure, P, is to be inbut- for cases
with NZZNES > 1 (see problem card, Section 6.3). The stagnation pressure used for
.th ’
the i
schedule XP, If not input, all XP entries are assumed equal to one. For TDK type

zone will be the value i_nput for P multiplied by the ith value input in the
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problems, zone one is taken about the nozzle axis of symmetry and the last
zone is bounded by the nozzle wall. Similarly, the ith zone will have a mixture

ratio equal to the 1th entry in the QFSKED schedule.,

Print out will be given for the chamber pressure condition (i.e. stagnation)
and the throat condition. Print out may be requested at other conditions by use
of the PCP schedule and the SUBAR and SUPAR schedules.

The program will calculate both equilibrium and frozen performance unless
FR@Z = F or EQL = F are input., If FRZZ = F, only equilibrium performance will
be calculated. If EQL = F, only frozen performance will be calculated.
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TABLE 6-8 VARIABLES IN $@DE NAMELIST

Variable No. of Type | Value Definition and comments
entries before
read
RKT 1 L False Rocket problem®
P 26 R 0 Assigned pressures: stagnation pres-

sures for rocket problems: values in
-atm unless PSIA, or SI = ,T,, (see be-
low) :

SI 1 L False %Values in P array are in N/m?
PSIA 1

XP 50 R 1, Multipliers for the ith zone stagna-
tion pressure (zone 1 = inner zone)

a . . . .
False Values in P array are in psia units

=

@gr ‘ 1 L False Oxidant to fuel weight ratios are to
be inputd ‘

"ERATIQ 1 False Equivalence ratios are to be inputa
FPCT 1
FA 1

@FSKED 50

False Percent fuel by weight are to be inpu’cal
False Fuel to air weight ratios are to be inputi

0 For a Rocket problem, and NZ@NES > 1,
@FSKED will be used rather than MIX
(see Reference 9). Relative amounts of
total oxidant to total fuel are input as
defined by @F, ERATIZ, FPCT, or FA,
For @DE-@FDK~TDK and TDE problem

" types these values define the oxidant tc
fuel ratios for each zone (zone 1 =
inner zone)

oo B

DELH 50 R 0 Corresponding to each zone this value
will be added to the system enthalpy
input thru the reactants cards. Units
are BTU/4# if PSIA=,T., joule/kilogram.
if SI=.T., otherwise cal/gram.

IZNS 1 L False Consider ionic spec:i,esa

WFLGW 1 R 0 Input nozzle mass flow option for @DE-
(DK-TDK or TDE problems. If a value
for WFLGW is input an expansion with
this mass flow will be computed. The
values input for P and XP are used as
estimates for computing stagnation pres
sure for each zone. The program will
adjust these stagnation pressures to
obtain the desired nozzle mass flow
within a tolerance of RELERR, Units
are lbs/sec if PSI=,T. otherwise kilo-
grams/sec.

3If variable is set to be true,

bSet variable false if these calculations are not desired,



Table 6-8 (cont'd)

Variable No. of Type Value Definition and comments
entries before
read
RELERR 1 R .0005 Relative difbforence between requested
v and computed mass flow rate., The pro-
gram stops if this error is exceeded.,

PCP 50 R 0 Compute and print solutions at these
values of chamber pressure to pressure
ratio (entries must be < 1.)

SUBAR 50 R 0 Compute and print solutions at these
values of subsonic area ratios (en-
tries must # 1.)

SUPAR 50 R 0 Compute and print solutions at these
values of supersonic area ratio (en-
tries must # 1)

ECRAT 1 R 0 Subsonic area ratio to start @DK cal-
culations with computed equilibrium
conditions. The SUBAR input table
must include an entry equal to ECRAT,

EQTHST 1 T False To start @DK calculations with com-
puted equilibrium conditions at the
nozzle throat.d

EQL 1 L True Calculate rocket performance assum-
ing equilibrium composition during
expansion®.,

FR@Z 1 L True Calculate rocket performance assum-
ing frozen composition during expan-
sionb, . '

LISTSP 1 . L False List names and dates of all species

‘ residing on thermodynamic data used .

KASE 1 I 0 Optional assigned number associated

with case.

aIf variable is set to be true.

b

Set variable false if these calculations are not desired,




6.4.3.1 OPTION TO PUNCH TABLES FOR BOUNDARY LAYER PROGRAM INPUT

Conditions computed along the nozzle wall can be output as punched cards
for input to the BLIMP, TBL, or MABL boundary layer analysis computer programs.
These conditions are taken by the boundary layer computer program as being the
~ inviscid flow condition at the edge of the boundary layer. Tables to be punched
are: x, y, and P/ Pc (i.c. the nozzle wall coordinates and the ratio of pressure
to chamber pressure along the wall). The tables are punched in NAMELIST for-
mat readable by BLIMP (see the punched card listing given at the end of the sample
output, Section 7).

A maximum of 50 entries upstream of the throat are saved and punched.
The wall point at the end of every characteristic is punched up to a maximum of
500 total table entries. The user may specify a number by which the punched table
will be offset, Thus, the first point may be output with identification 5 by input
of IgFF=4, The use of IJFF enables the user to extend the table by adding points

upstream.

If punched cards for input to a boundary layer program are required, the

following items must be input as part of the $EDE Namclist input:
Item Name Description
IPTAB = If IPTAB=1, one title card will be punched (this will

be the last title card input as described in 6,2)
followed by tables of X, Y, and P/P_ along the nozzle
wall, These cards are for input to fhe BLIMP or
MABL computer programs. The first point punched will
correspond to beginning of the converging section of
the nozzle (i.e. at ECRAT; see Figure 6-1, also

table 6-8).

IgFF . = The first point to be punched will be numbered as
IGFF+1,

IPTBL = If IPTBL and IPTAB=1, tables of M, T/T_, C_, V, and

p, will also be punched., These additihal Bards are

required for input to the TBL computer program (i.e.
the December 21, 1973 version).

If a TDE problem is specified, the following items must also be input
when IPTAB=1:
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N

Units SI Units

Item Namg ' Input Quantity
RSTAR = throat radius, r* inches meters
RWTU = upstream normalized none none

wall throat radius of
curvature, Ru

RWTD = downstream normal‘ized none none
wall throat radius of
curvature, R 4 ‘

THE TAI = inlet angle, 0

i degrees degrees
RI = _ normalized inlet wall none none
radius of curvature,
R

i
These items define the nozzle geometry from the combustion chamber through the
throat as shown in Figure 6~1, For a TDE option it is necessary that IPTBL=0.



6.5 @ZDK INPUT DATA

Certain DK input data is required for all of the problem types
specified in Section 6.3 except JDE and TDE. The @DK input data consists
of three data groups as follows: ‘

TABLE 6-9. PROBLEMS REQUIRING DK DATA

Data group Problem types Section describing
requiring the data group the data group

SPECIES @DK, TDK(LFINL) 6.5.1

REACTI@NS @DK 6.5.2
@DE-@DK
@DE-@DK-TDK
TDK(LFINL)

$@DK ‘ 6.5.3
@DK

@DE-@DK
JDE-ZDK-TDK
IDEAL GAS
TDK(LFINL)

6.5.1 SPECIES

Species used by the computer program are determined in several possible
. ways, depending upon the problem type. Methods used to determine chemical
species for each probelm type are discussed below.

¢DK

For @DK problems species names and concentrations must be input, see
Section 6.5.1.1,

DE-@DK

For JDE-@DK problems the initial start conditions for the kinetic expan-
sion are obtained from an equilibrium calculation. The species list generated by
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' the equilibrium calculation generally contains many more species than the 40
species for which the @DK subprogram is dimensioned. Therefore a selection
processes is required to interface the @DE calculated equilibrium start conditions
with the @DK kinetic expansion calculations. This selection is performed using
the following rules: ‘

Rule ! If a species appears in a reaction, it is selected for the kinetic
calculation.

Rule 2 'If a species is specified using INERTS directive it is selected
for the kinetic calculations.

Rule 3 If any species has a mole fraction greater than an input criterion,
it is selected for the kinetic calculation.

Species which are selected but which do not zppear in a reaction are treated as
Inert and listed as such on the output list of selected species,

@DE-ZFDK-TDK

For JDE-ZDK~TDK problems species are selected by the above rules for
_ @DE-@DK problems. However, for multizone TDK cases it is necessary that
each zone have the same species list. Thus the INERTS input (see Section 6.5.2.7)
must be used to assure the same species are selected fbr each zone,

IDEAL CAS
No species required.

TDK(LFINL)

Species names and concentrations must be input as described in
Section 6.8.2.

6.5.1.1 @DK OPTION FOR INPUT OF INITIAL SPECIES CONCENTRATIONS (APPLIES
ONLY TO THE DK PROBLEM TYPE) :

This input begins with a single card with SPECIES in columns 1 through 7
and with either MASS FRACTI®NS or M@LE FRACTI@NS in columns 9 through 22,
If the identifier for mass or mole fractions is omitted, mass fractions are assumed.
Up to 40 species cards may be input., Only those species specified by input '
species cards will be considered for an DK problem. The order of the input
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species cards is independent of the order in which the species appear on the

master Thermodynamic Data file,

A chemical species is identified symbolically by 12 alphanumeric char-
acters and must correspond identically with the species name as it ¢ppears
on the Thermodynamic Data file. A complete list of the current species names
are listed in Table 6-4 {(condensed species, however, may not be specified in

the species list,) The species symbol may not contain the characters * or =.

Col Function
1-10 Not used
11-22 Species symbol (left justified)
23-30 Not used
31-60 Value of initial species concentration (if zero
must be input as 0.0) free field F or E format
61-80 User Identification if desired

6.5.2 REACTIZNS

Chemical reactions must be input for problem types @DK, JDE-ZDK,
@DE-JDK-TDK, and TDK(LFINL).

Up to 50 reactions with an implied third body and a total 150 reactions may
by input to the program. Only one card per reaction, and only one reaction per
card is permitted., Cards specifying third body reactions must precede cards
specifying all other reactions., Species names appearing in the symbolic reaction
set must correspond identically with the species names as.they appear in the
master Thermodynamic Data (see Table 6-4). A card listing for a sample reaction
set is presented in Table 6-10.

The symbolic reaction set contains directive cards and reaction/data cards
in groups as outlined below:

REACTI®NS Directive for start of symbolic reaction
input

. Reactions with implied third body speices

END TBR REAX Directive for end of third body reactions

. All other reactions
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LAST REAX Directive for end of reactions
INERTS Specified Inert Species

THIRD B@DY REAX RATE RATIGS Directive for start of third body reaction
rate ratios

Third body reaction rate ratios

LAST CARD _ Directive for end of REACTI@NS input
The content and format of each type of card is defined &s follows:

6.5.2.1 The symbolic reaction set begins with a card containing the word
REACTI@NS in columns 1 through 9. Other columns on this card can be used
for comments.

6.5.2.2 Each card defining a reaction is divided into five fields, separated by

commas. Each field contéins:

field 1 a reaction
field 2 A = followed by a value of A
rate parameters
field 3 N= followed by the value of N for the reactions
field 4 B = followed by the baluc cf B,
‘ the activation energy (Kcal/mole)J
field 5 available for comments

The general form of a reaction is:

N1 *Symbol, + N *Symbol2 R Na *Symbola + N e

1 2 b b
where the left hand side represents reactants and the right hand side represents

*Symbol

products. The reaction can be either endothermic or exothermic.

The multipliers, N, must be integers and represent stoichiometric co-
efficients. If no stoichiometric coefficient is given, the value 1 is assumed. The
" dimensioning currently in the program requires that:

N1+N2+'° . o5'10‘

and

N +N, +,...510
a b

The chemical species (denoted by the word "symbol" in the above general
form) can contain up to 12 characters each of which must match a species name con-
tained in the thermodynamic data (sec Table 6-2, card 3).
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examples:

Reaction Interpretation

NA++CL-=NACL . Nat+c17= NaCl
B+2+-2=BJ Bttt + 77 = By
BE+2+2* @ H-=DBEGHGH BEt + 2gH™ = Be(@H) )

The value assigned to A, N, B define the forward (i.e. left to right) reaction rate,

k, as )
k = A . T"N . e"(lOOOB/QT)

in units of cc, °K, mole, sec.

All three reaction rate parameters must be input., The numeric value of each para-
meter may be specified in either I, F, or E format. If E format is used the E must

appear before the exponent.

6.5.2.3 The reactions with an implied third body must precede other types of
reactions, and must be followed by the directive (columns 1 through 12):

Coll
END TBR REAX

all reactions prior to the above directive will have a third body term added to each
side of the reaction. E.g.

H2 = H + Hl .« & o

END TBR REAX
defines the chemical reaction

H2 +M=H+H+M
where M is a generalized third body. Specific third body effects may be included
by inputing specific third body reaction rate ratios as outlined in 6.5.2.8. Cards

encountered after the END TBR REAX directive card do not have a third body term
added.

6.5.2.4 All other reactions are input next, exactly as described under 6.5.2.2.

6.5.2.5 After the last reaction has been defined, a card with LAST REAX in
columns 1 through 9 is input, '
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TABLLE 6-10
S
FACTIONS CCIFHMO
H o+ OH = HPD
N ¢ H = 0OH
0+ 0 = N7
F + F = 7
H o+ F = MF
H o+ M = 1P
cno = ¢ 0N
C « 0 = O
N o N = MNP
N D = MO
Ci. ¢« F = CL¢+
H o+ CIL = HCOL
Ci. « €. = CL?
‘ND THR RFAY
H? &« O = H + HZD
OM + OK = 0 & HPO
Moe O = 0O &« HP
N+ NH = H & 07
O + CO = H « CnOp
02 « €O = 0 + CO2
N e MO = (0 ¢ NP
N o+ O = O ¢ NN
doe N o= HBe O
~ W s FP = HFe F
HP? & F » HFe H
H? ¢ Fp = HFs MWF
H e CL? = HOL+CL
Ho & CF 2 = HCL$HCL
HCL+ H = HHPpeCL
KL+ F = HF +Cl,
CLP+ F = CL+CLF
CL + F» = F «CLF
CiLFe+ H = HF+CL
CLF+ H = WCL+F
CLF+ H? = HCL+HF
F? & HCLL = HF+CLF
CLF+ HCL = HFsCLZ
FP « CL? = CLF+CLF
Cohre C = CO+CO
C + 0OH = O+ H
C ¢« M = CO+ N
CO?2+ N = CO+NO
C +« 02 = C0O+ O
NO « MO = NP+O7
N o+ OKH = MO+ H
OH ¢ F = HFe¢ 0
MNP0+ F = HF+OH
L o+ OH o= HPNCL
. H ¢+ ClL = HCL+O
LAST RFAX

0.0‘0..0...‘0."..‘.000ﬂ..(‘"‘.".‘

REACTIONS AND RATE DATA FOR C,CL,F,H,N, AND O SYSTEMS
(FROM RLFLRENCE 16)
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JAMNAF PSuWG
N=P .6 o RB=Qse
M=%, v B=0eo
N=1' ¢ R=009
N=1, s R=Qs¢
N=1e 0 R=ﬂ.0
M=1 W y R=0s40
Nz6 5 o RE127.555
NZ,5 ¢ BS(e0
Nzl, o R=04s
Mz ,% y» BZQges
M=,,5 v R=0,0
N=¢B o REQe
N=1, v B=04e0
N=0, e R3H5,1K,
N=pe o B2eT7800
N=0, s R=T,300
N=pe ¢ B=0Dseo
N=pe o RZ1,0800
Nz 65A9R=45,920,
N=ne o BZ4334,
Nee], o R26,2%00
M= 618, PR=4a0 neA,
NzewoB ¢ R=4,0000
N=6e ® 955.700'
Nzw 5 R=39.7390
N=Zfe v R=3,0000
N:‘”gq ® H?’“Se:‘?%
Nzeeh ¢ RE23:,1000
N==,6Bs R246nny
N==,68, R=,500
N:A.ﬁﬂ. H=.3nn9
N=w, 68y R=3,2000
Nz=e ,6Be RZ1,900
Mze,5 ¢ RZ46,337
Nee o§ ¢ RE39,427,
N=e,5 ¢ R=46,0P5
ME=w=w,5 ¢ R=26,758
2’0:’ L] R=6.995'
Nz=,5 o R=5,62R,
Nzee® o R=R,3030
Nz=5 y R=59,618,
Nz==,5 ¢ R=6,552,
N=n, + R=79,490,
Neew D o R=5,678,
Nzw 6By R2T2000
Nzw 68y RZ,6000
Nzew,,5 R=6,00
R=6,00

Nz"“o.c) [}

K=ATe#=N EXP(=10008/RT)
(AR) N

(AR)
(AR)
(AR)
(AR)
(AR)
(N2)

(M)
(M)
BAULCH (N?2)
(M)

(M)

(M)
BAULCH
RAULCH
BAULCH
BAULCH
BAULCH
BAULCH
RAULCH
RAULCH

NO o
NO .
NO.
NO,
NO .
NO.

"NO.

NO o
NO,
NO
NO
NO,

NO,
NO o
NO ¢
NO,
NO
NO .
NO,
NO,
NO,
NO
NO,
NO,
ND
NO o
NO
NO ¢
NO o
NO o
NO
NO.
NO .
NO¢
NO.
NO,
NG e
NO,
NQ ¢
NO,
NO,
NO ¢
NO,
NG,
NO,

O R/~NPN HWN

32

15
36
37
38
39

43
&4
45
66
47
49
50
52
53



6.5.2.6 Reaction rate data for 13 dissociation-recombination (implied third
body) reactions and 35 binary exchange reactions are listed in Table 6-10 for ~
propulsion systems containing elements C, Cl, F, N and O. These rates are
taken from Reference 16 (two additional reactic;ns from Refecrence 15 are included).
Cards can be abstracted from Table 6-10 for input to the computer program. For
the implied third body reactions, the third bedy for which the rate applies is in-
dicated in parenthesis in the comment field (M represents a "gzneralized" third
body, see Section 2.2 for further details).

6.5.2,7 INERT SPECIES OPTION

Inert species (i.e. species not eppearing in rcactions) can be included in
the input by input of a card with INERTS in columns 1 through 6 followed by a list
of inert species names. The species names must cach be followed by a comma
and each name must written exactly as in the master Thermodynamic Data. The
last comma must be followed by the word END. Sec Table 6-11 for an example.
The species list can continuc on to the next card, but a species name can not

overlap onto the next card.

6.5.2.8 THIRD BODY REACTION RATE RATIOS

As described above in Section 6.5.2.2 for the jth reaction only one reaction
rate, kj, where
Ky = AT e By/RT

can be input. For three body recombination reactions such as

H+@’H+Mi=HZQS+Mi

the rate of reaction is in general different for each species, Mi’ depending upon
the cfficiency of the specics, Mi’ as a third body collision partner. As discussed

in Section 2.2 the temperature dependance of a recombination rate is appro ximately

h

independant of the third body, i.e. for the ith third body and jt reaction:

. -N, -B.,/AT
kij = Aij T “je 7j

The third body efficiency of the ith species for the jth reaction is then defined as

my; = Ay A



Thus mij is the ratio of the rcaction rate with species Mi as the third body to

the reaction rate input on the reaction card described in Section 6.5.2.2.

If reaction rate ratios, mij' are to be input for the dissociation-recombin-
ation reactions, a card with THIRD BZDY REAX RATE RATIFZS in columns 1 through

27 must be input next. If this card is deleted from the input, the program assumes

all m., = 1. If this card is included in the input, it must be followed either by
a card with ALL EQUAL 1.0 in columns 1 through 13 (which sets all mij=l) or by
SPECIES cards as described below:

The mij’ can be input using a card with the word SPECIES in columns 1 through

7. This word is followed by the name of the ith species followed by a comma,

followed by the values m; in F format, each followed by a comma. These my; values

can be continucd onto succeeding cards. Note that the m_, values depend on the

ij
order of input of the reaction cards, i.e. the jth reaction is defined by the jth

- card input after the REACTI@NS card.

Table 6-11 gives a sample input for a Hydrogen/Oxygen system using third
body reaction rate ratios. In this example the three body recombination rates

- e~ AL
1+ Q Lit

(dl}

¢ input with Argo third body. The rate with H2 as a third body is a
factor of 5 larger then with Ar as a third body for the first three reactions and a

factor of 4 larger for the fourth (Hydrogen recombination) reaction.

'6.5.2.9 At this point in the data input deck a card with LAST CARD in columns

1 through 9 must be input.
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TABLE 6-11

REACTIONS O=H MAY 3~4 1972
H e DH = H?20 o LuTBE23
0 ¢ H z OH v A4 ,0E10
n ¢ 0 = 02 o A=1,2F17 »
M ¢ M = H? v As=BG,4ELT o
END TBR RFAX 4
H? & Ol = H ¢ H20 o A2, 19E13
OH « O = 0 « H20 o A=B75E12,
H ¢ 0OH = 0 ¢ H2 v Az=T 23612,
0O ¢« O = H ¢ 07 s Ax=]1,3F13 ¢

LAST REAX
INFRTS 12, AREND
THIRD BODY REAX RATE RATIOS

SPECTIES

SPECTFES
SPECTES
SPECIFS
SPECIES
SPECTIES
SPECIES
SPECIES

AReYeoloolanlen
??05.0600500409
H?OQEOOQJCQSO’an..
029544D080,501e50
NPobeohartreoleSe
He12e¢59124591265¢2500
0912:50126591205¢2509
NH91265012469124502500

LAST CARD

JANNAF
N=P .6
M=y o
£
N2y,

N2,
N=g e
N=0o
NZO.

PSwWG

- ® o

-  ® @ @

'R=09.
\B:Oo ’

BR=0e0
B=0es

REB 18y
BT8O
R=T,300
B=0a

(AR)
(AR)
(AR)
(AR)

RAULCH
RAULCH
RAULCH
BAULCH

LISTING OF SAMPLE REACTIONS CARDS FOR AN OZ/HZ PROPELLAN;

NO,
NO,
NO
NO,

NO,
NO
NOD o
NO.



6.5.3 SODK NAMELIST INPUT

$ODK Namelist input specifies'the conditions for the kinetic expansion

calculation. The input is read in subroutine @DKINP and consists of the following
groups of data as outlined below:

6.5.3.1  Inlet, Throat ana Expansion Nozzle Geometry
6.5.3.2 integration Control

6.5.3.3 Print Control

6.5.3.4 Specieé Selection and Mass/Mole Fraction Check

6.5.3.5 ODK Problem Inpu*

6.5.3.1  INLET, THROAT, AND EXTANSION NOZZLE GLOMETRY

The nozzle gecmetry is defined in Figurc 6-1. At the tangent point
.~ where the nozzle is attached to the throat section either a cone or a
contoured nozzle defined by a wall table may be input. Two radii of
curvature for the throat wall (upstream and downstream) must be specified.

Jtem Name Input Quantity Units SI Units
RSTAR = throat radius inches meters
RWTU = upstream normalized none none

wall throat radius
of curvature ¥

RWTD = downstream normalized none ° none
: ' _ wall throat radius
Ui of curvature **

THETAI = inlet angle degrees degrees
RI = normalized inlet none none
wall radius of
curvature
*The transonic analysis requires that a value of RWTIU = .5 be input, ' -
./ ** If a corner expansion (i.e. Prandtl-Meyer fan) is desired, a value of RWID = .05

is recommended. Experience has shown that values smaller than this give
the same result but are computationally less efficient.



For a Conical Nozzle Option**

Item Name Input Quantity Units
TWALL =] requests cone option none
THETA = cone angle degrees
EP = nozzle expansion ratio none

(=400). If EP is input
each @DK expansion will
be through EP. If EP is
not input only the Throat
and Transonic Table gen-
eration will be done.

EPS = nozzle expansion ratio none
for the TDK wall table, If
EP is not input and EPS is
input, the @DK expansions
will end after Transonic
Table generation, and the
TDK expansion will be
through EPS.

For a Contcured Nozzle Opticn**

Item Name . Input Quantity Units

IWALL =4 requests contour cption none
THETA = wall angle at tangent degrees
point
THE = wall angle at exit degrees

NRZS = number of points none

in table, < 20

PWRS{2) = normalized radial wall none
coordinate table*

PWZ5(2) = normalized axial wall none
coordinate table *

¥PWRS(1) and PWZS(1) arc internally computed at the ccordinates of the
contour attachment point.

**The nozzle option selected in $ODK input will be used for TDK unless
overidden in $TDK input.
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RZNORM

EP

optional norma lization none

factor for input wall -
coordinate tables.

for TDK option if @DK none
print is desired JPRINT=
-1) set EP=1,
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8 = THETA
8, = THETA I

8" THE

ECRAT

o

1 = RSTAR/RSTAR

Figure 6-1. NOZZLE GEOMETRY
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6.5.3.2 INTEGRATION CONTROL

The program begins its calculations using an implicit integration

method to integrate the fluid dynamic and chemical relaxation equations.

For near equilibrium flow an implicit method is used since it is inherently
stable. However, once the flow has become sufficiently frozen, explicit
methods become numerically stable and can be used more efficiently. The
program uses temperature as a freeze criterion in order to switch from an
implicit to an explicit method. This criterion is T < TEXPLI where TEXPLI

is assumed 0°R but may be input. The program always prints the axial position
at which the switch occurs. For high area ratio nozzles this procedure can be

espe&:ially useful.

The integration routine controls the step size such that the relative

. error in the dependent variable increments be less than a prescribed fraction,

DEL. Only doubling or halving of the step size is permitted, and on option,
either all the variables may be cunsidered (JF=0), or on.y the fluid dynamic
variables {JF = 1) may be considered.

When the flow becomes supersonic and the area defined fluid dynamic
equations are used, an additional check on continuity is applied in the form

(pVA) ppq = (o VA)y
CpVA) Ny

< CONDEL

where C@NDEL is an input relative criterion.

The step size is held between the two input bcunds HMIN and HMAX,

Fixed step cases may be run by setting input values for HI, HMAX, HMIN,

all equal.



Item Name Input Quantity Units

HI = initial step size none
HMAX = upper bound on none
step size
HMIN = lower bound on step none
size :
DEL = fractional incremental none
error
TEXPLI o= temperature below °R, °K if SI units

which explicit
integration will start

CONDEL - = - relative error criterion none
for continuity check
for supersonic floew

JF = 0 all variables consid~ none
ered for step size con-
- trol
= 1 only fluid dynamic none

CL

variables considere
step size control

6.5.3.3 PRINT CONTROL

Output from the Kinetic Expansion Calculation consists of complete
output for each print station selected. The end point of the nozzle is always
printed. Print stations are selected from one of the following options:

Item Name Function

JPRNT

|
!
]

print throat and input area ratios (conical
nozzle only)

= -1 print at internally set area ratios for conical
nozzle Print at input wall contour points
for contoured nozzles

= 0 print at every integration step

= +1 print every ND3rd step up to the throat and
then nominal area ratios

= 42 ~print every ND3rd step over entire nozzle.

* For JPRNT = -1 and a conical nozzle (i.e. IWALL = 1), the internally set area
ratios are: ' '
ARPRNT() = 2,3,4,...,3_9,‘40,42,,.,,58,60,64,»...,116,120,128,...,200,210,220,e



If JPRNT is +1 or +2 the following must be input:

Jtem Name

NDI1

ND2

ND3

]

Function

first integration step to be selected
for print

last integration step to be selected
for print

print every ND3rd step between NDI
and ND2.

If JPRNT = -2 the foll owing must be input:

Jtem Name

ARPRNT (1)

NJPRNT

]

Function

requested area ratios for print, must be
monotonic increasing and greater than
1.0 (usually entries are the same as
those used in SUPAR of $ @ DE)

number of area ratios requested for
print < 100.

An extended print option may be selected as follows:

Item Name

IDYSCI

Function

no extended print requested
extended print option selected



6.5.3.4 SPECILCS SELECTION AND MOLE/MASS FRACTION CHECK

In order to interface @DE equilibrium calculated start conditions
with the kinetic expansion calculations, special consideration must be made
for inert species (those not appecaring in the reaction set). Inerts may be select-
ed explvicitly by use of the INERTS directive or by use of a relative selection
criterion. A

If A MULTIZONE TDK PROBLEM IS SPECIFIED INERTS MUST BE SPECIFIED
VIA THE INERTS DIRECTIVE. This is required so that the chemistry selected for

multizone cases will be compatible.
The INERTS directive is described in Section (6.5. 2.6).

The relative selection criterion (ODK or 1 Zone TDK problems,)

is described below:

tem Name Function

EFSEL = all species which do not appear expiicitly
in the reaction set but whose mcle fractions
are greater then the input value for EPSEL, will
be retained for the kinetic exransion. Species
selected under this criterion are treated as inert.
The program assumes EPSEL=1,0E~5, unless input.

In some instances it may be desirable to use input species concentrations
which do not sum to unity. Species concentrations, either input or from equili-

- brium start coaditions, are summed and the sum checked as described below,
tem Name Function

XMFTST = Input species concentrations are summead and checka
versus unity using this input criterion. If

‘ 1 - species concentrations | <XMFTST

then the test is passed. The species concentrations
will then be normalized such that
3 species concentrations = 1.

" The program assumes XMFTST = 1,0E-3, unless input.

If the test is not passed, an error message will be given and the

run terminated.



6.5.3.5 ODK PROBLEM INPUT

This input is required when PROBLEM @DK is specified on the
problem card. A kinetic expansion from input arbitrary start conditions is

to be computed. In addition to the input items described in section 6.5.3, an

DK problem requires input of those items described in sections 6.5. 1 and 2,

Item Name

PC

T

'
JPFLAG

ECRAT
For JPFLAG = 0 option the

Item Name

PI
PESTAR

For JPFLAG = 1 option the

Item Name

PTB(1)
ZTB(1)
NTB

Z

" Input Quantity Units
= chamber pressure PSIA
= initial temperature R
= initial gas velocity ft/sec
=0 pressure table none

calculated internally

i
i

pressure table input
= initial contraction ratio none

following must be input:

Input Quantity Units

= initial pressure PSIA
= throat pressure , PSIA

following must be input:

Input Quantity Units
= normalized pressure none
table entries*
= normalized pressure none

table coordinates**

= number of pressure none
table entries, < 127

= initial axial position none

* normalized to input chamher pressure, PC
** normalized to input throat radius, RSTAR

SI Units
N/M"a
°K
m/sec
none

none

SI Units

N/M2
N/M2



6.5.3.6 MASS AVERAGED @DK ISP
A mass averaged @DK ISP summary page may be obtained at the end of

the ODK calculations as described below:

Item Name Description
MAVISP =1 Specifies mass averaged ISP option

XM(1) ' Ratio of mass flow rate of each zone (zone 1

= inner zone) to the total mass flow rate.
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6.6 $TRANS NAMELIST INPUT

6.6.1 When a TDK subproblem has been specified, the inp\it data set $TRANS

is required for the transonic calculation. The input variables are read in sub-

routine TRAN and are described below.

" Item Name

XM(1) =

ALL =

IBUG =

Input Quantity
Ratio of mass flow rate of each zone (zone 1
= inner zone) to the total mass flow rate.

(need not be input if MAVISP=1 option specified
and XM irnput in $ODK).

Number of degrees initial line
will be displaced downstream.
The program assumes ALl is zero.
1f ALI is not zero, a symmetric
throat is required (RWTD = RWTU)

If input is nonzero, intermediate
transonic output will be printed.

The following input may be used to control the construction of the initial line:

Item Name

MP =

PMCRIT =

PMDEG =

TH]J =

Input Quantity

Number of points to be placed on the initial

line. MP is nominally 50. Fur RWTD = PMCRIT -
the number of points placed on the initial line
will be incremented by the largest integer of
theta, the downstream tangent angle.

For RWTD > PMCRIT an equal area, by zone,
distribution is requested. See Section 5.6.1.
For RWTD < PMCRIT an initial line disi-ibution
to assure the first left running characteristic
will intersect the wall at a wall angle of PMDEG
degrees.

PMCRIT is nominally 1.0.

Intersection angle, in degrees, for the first left
running characteristic if RWTD < PMCRIT.
PMDEG is nominally 1.0 degrees. .

For a TDE subproblem, THJ must be input in
this namelist.
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6.7 ~ $TDK NAMELIST INPUT

This data set is read by subroutine CHAR and contains the input items for
the Supersonic Method of Characteristics Subprogram. These items are divided in-
to three types: ‘

1) Nozzle Geometry; 2) Print Control; 3) Characteristics Mesh Control.

6.7.1 Nozzle Geometry (see Figure 6-1, also Section 5.8.5)*

Item Name Input Quantity ' v Units

IWALL = = wall option flag. The value none
assigned this item determines
the type of wall to be specified.

0 = arbitrary contour
=> cone; 0, €
=> parabolic contour

1
2
3 = circular arc contour
4
5

=> gpline fit contour
=> cone; r_, X
n’ ‘n
If IWALL =0 (arbitrary contour)
PW(1) = The wall coordinate points none

rl, Xq are to be input
séquentially:
PW(1) SR SV ST SUIE VAR IR
[ ) L] L] rn, xn' 0.,[ 0. ¥
a pair of zero coordinates
marks the end of the table.
A value of n <300 is required.
This table is normalized to
the throat radius and the
origin is at the throat so that
necessarily r = 1, X, = 0.

If IWALL = (cone; 8, ¢€)

RWTD = radius of curvature of the none
throat, downstream.,

TH]J = exit cone half angle (will be THETA degrees

from $@DK unless input)
EPS = expansion ratio none

*For options 1 or 4, the input defined by Section 6.2.3.1 is not required since the
input wall parameters from $@DK will be used unless overridden by the above.

R=-46



Item Name' Input .Quanti'g Units

If IWALL = 2 or 3 (parabolic contour or circular
arc contour)

RWTD = as above none
THJ = wall inflection angle (will be degrees
THETA from $@DK unless input)
RWMAX = nozzle end point radial none
coordinate, r
n .
ZWMAX = nozzle end point axial ‘ none
coordinate, X
n
If IWALL = 4 (spline fit contour)

As in IWALL options 1,2, and 3 the program assumes the throat to begin
with a circular arc downstream of the minimum point. The final point on this cir-
cular arc is located at an inclination of THJ degrees. The contour exit angle, THE
degrees, must also be input. The contour to be spline fit between THJ and THE
must be input in tabular form. The first point on the spline fit is automatically

located by the program on the circular arc at the point of inclination THJ.

Item Name Innut Quantitye Uiiits

RWTD = radius of curvature of the none
throat, downstream

THJ = RWTD arid the angle THJ define degrees

the end point of the circular arc
and the beginning of the spline fit
(will be THETA from $@DK unless

_ input)

NRZS = n, the number of points to be spline none
_fit, n <20 is required.

PWRS(2) = radial wall coordinated to be spline none
fit.
PWRS(Z)er' r3' ¢« & © rn

PWZS(2) = ~axial wall coordinates to be spline none
fit.

| PWZS(2) = le, Rar oo os X

THE = nozzle exit angle degreecs

If IWALL =5 (cone; Fo xn)

RWTD = As above | none

RWMAX = As above _ none

ZWMAX = As above . . none



6.7.2 Print Control

Item Name Input Quantity Units

N1 = flow parameters will be printed none
for every N1t interior point a-
long characteristics selected
for print

N2 = every N2th characteristic will none
be selected for print

NC = for NC # 0 species concentra- none
tions (partial densities) will be
printed with the flow parameters.
If NC=1 the quantities A B,v,
heat capacity (BTU/Lb- R), and
enthalpy (ft*/sec?®) will be append-
ed to the species concentration

print.
MASSFL = at the completion of each left running none
characteristic (LRC) the massflow is
integrated.
If _
MASSFL = 0 then no mass flow printed
MASSFL = 1 then total mass flow and the

number of points on the LRC
are printed for each LRC

MASSFL = 2 then mass flow for each point
along LRC is printed

MASSFL = 3 Same as MASSFL = 2 with the
addition of execution time at
the end of each LRC

see Section 5.8.1, CHAR

NDS = for NDS = 1 Dividing Streamline Points - - none
will be printed. (Nominal)

for NDS = 0 Dividing Streamline Points
will be suppressed.
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6.7.3 Characteristics Mesh Control

Item Name

DS

DWWI

EPW

IMAX

IMAXF

or
IMAXF

TEXPLI

ETHI

ES

DTWI

Input Quantity

insertions will be made such
that successive points along
streamlines will not be sep-
arated by more than DS,

insertion control parameter
Aew described in Section 5.9. 2.

the program will insert such
that the wall end point is
located within a tolerance EPW,

the maximum number of interations
to be allowed while attempting to
achieve a relative convergence for
the flow variables of 5%10-9,

the program will terminate the case
if a printed point requires maximum
iterations for convergence,

program will continue the case after
IMAX iterations per point have occurred

input temperature below which explicit
integration for the species concentra-
tions will be used.

€9for point editing as described in
Section 5,9.2, CNTRL.

€ for point editing as described in
Section 5.9.2, CNTRL.

Aet wcriterion for insertion in sub-

routines INPT, DSPT as described
in Section 5.9.2, CNTRL.
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Units

~none

degrees

none

none

none

none

< OR, °K if SI Units

degrees

none

degrees



6.7.4 Inputs from DER, Reference 10.

Item Name Input Quantity Units

@FBAR = Overall mixture ratio in- none
cluding condensed phases.
For print out only.

ETABAR = Ovecrall evaporation efficiency, none
i.e. the ratio of gas flow to
total propellant flow at the
throat, IS , total = 1

*ETABAR °P sp,gas
DRPISP = Ratio of total condensed 1bf sec/1bm
phase momentum to the mass (if SI Units then

flow at the throat, Not used, N sec/kg)
reserved for future use,
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6.7.5 Exit Plane Option

On option, the TDK method of characteristics calculation will continue

the mesh construction through the exit plane of the nozzle and print a summary
of the exit plane properties.

Item Name Input Quantity Function
EXITPL = .TRUE. Exit plane calculation
requested.
6.7.6 Punch Initial Line

During any calculation generating an initial line, the initial line
may be punched in a form suitable for running an input initial line option. The

following input is required.
Input Quantit Function

ILPCH = .TRUE. Regnests Punching of
Initial Line

IPUNIT = The Fortran unit number
assigned to the PUNCH.
(e.g. on Univac 1108
IPUNIT = -3, on the
other machines it may be
7, 8, etc.)

IMPORTANT NOTE

IF IPTAB = 1 option is selected, i. e. the boundary layer edge conditions
punched for TBL input, the initial line punched cards will be interspersed
with the TBL edge conditions punched cards.



6.8 SPECIAL OPTIONS

6.8.1 IDEAL GAS OPTION

The TDK program contains a useful option by which the real gas
chemistry can be replaced by ideal gés chemistry. This option requires much
less computing time for a given case and is uséful for preliminary check-out
of cases to be run later with real gas nonequilibrium chemistry. It also calcu-
lates the nozzle divergence efficiency, NDIV (See Section 5, subroutine PRINT),

The ideal gas option is invoked using the PROBLEM card as outlined
below
PROBLEM IDEAL GAS, NZONES = n, comment
where 1 £n <50 .
Only the $TRAN and $TDK data sets are to be input. These data
sets are input as described in Sections 6.6 and 6.7, respectively, with the

following required additions:

Additions to the $TRANS NAMELIST INPUT

ltem Name Input Quantity

G(1) = Value of specific heat ratio, vy , for each

zone, inner to outer , the number of zones
is specified on the PROBLEM card.

RWTU = Upstream normalized wall throat radius

of curvature

RWTD = Downstream normalized wall throat

radius of curvature

THJ = End.point of circular arc RWTD

(same as THETA, Section 6.5.3.1
see Figure 6-1),

PSA = Chamber pressure in lbs/inz. (N/m® if SI units)
“XP(1) =. (From Table 6-8) All assumed = 1, if not inpuf.
TC(1) = Chamber temperature, °R, for each zone, inner
to outer. (K if SI Units) |
RGC(1) = Real gas constant, f‘cz/sec2 °R, (i.e. 49721/Mw=g*154.'
for each zone, inner to outer. (m®?/sec® °K if SI Units)
XMW(1) = Gas Moleccular Weight, If input then RGC (I)

need not be input.

~ rn



Additions to the $TDK NAMELIST INPUT

Item Name Input Quantit
RSTAR = Nozzle throat radius in inches. (meters if SI Units)

Table 6-12 lists a sample input data deck for an ideal gas problem.
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6.8.2 INPUT INITIAL LINE OPTION

A TDK calculation starting from an input initial line may be specified"
via TDK(LFINL) on the PROBLEM card (see Section 6.3). This option requires
the input of the following: '

a) PROBLEM TDK(LFINL), NZONES =n, comment
where 1 <n < 50.

b) SPECIES cards as defined in Section 6.5.1. The species concentrations
field, col. 31-60, should be left blank.

c) REACTI®ONS cards as described in Section 6.5.2.

d) $ODK namelist input. All input is as previously described with the
addition of the chamber pressure which must be input as:

Item Name Input Quantity Units SI Units
PC = Chamber Pressure PSIA N/m?
(used only for C¥*)

e) $TDK namelist input. All input is as previously described, with the
addition of the number of points to be input on the initial line which must
be input as: .
Item Name Input Quantity
INLINE = Number of points to be

input on the input initial
line, < 151.
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f) S$LINE namelist input. One $LINE namelist input must be specified for
each input point (i.e. INLINE $LINE data sets). The input is as described

below:
Input Item Input Quantity Units SI Units
N = Optional sequence number none none
RC = Normalized Radial none none
Coordinate
XC , = Normalized Axial none none
Coordinate
THETA = Flow Angle degrees degrees
PRES .= A Pressure PSIA N/m?
DENS = Density lbm/ft3 Kg/m®
VEL = Velocity ft/sec m/sec
TEMP = Temperature %R °K
ZONE = Zone number,(inner ' nonc none
zone is zone 1)
SPMASS(1) = Spccies mass fractions none none
- in the order input in the
SPECIES CARDS
DSFLAG = Dividing Streamline none none

Flag. Of the two points
of a dividing streamline,
the point closest to the
axis must have input
DSFIAG =1.0.

Due to the namelist type input, only those input parameters which change need
be input. For example, RC, XC, THETA would normally change for each point,
whereas PRES is constant on the initial line. '

‘1 The dividing streamline points which form the boundaries between zones
must conform to the following requirements:

1) RC, XC, PRES, and THETA must be the same for the two points
comprising a dividing streamline.

J 2) Of the two points comprising a dividing streamline, the point
closest to the axis must have its dividing streamline. flag set to 1.0.

Table 6-13 lists a sample data deck for a problem with an input initial line,



TABLE 6-12. CARD LISTING FOR IDEAL GAS PROBLEM

TITLF SAMPLFE CASE ONC
PRORLEM TDEAL GAS+NZONES=19

STRANS

G(1)=1.23

RWTU=24, RWTD=45,

THJ=3gu(ﬁ7380

PSA=100,,

TC(1)=5500,,

XMy (312204,

XM(1)=1,

ALI'-‘:UO ]

YEND

$TNK

RETAR=2

THALL =%,

NRZS"’I' :
PWRS (2)=14.16R4341,26475,1.47910,1,73375,
2.04940.2,45930.3.68226.&.3477295-7919806.32481v
PUZS(2)=,39575,,53008,,8290541,19473,
1.66q2:30&‘??795'4.68717'706Rc\9901009601913031140
THE=11,5813,

SEND



TABLE 6-13. CARD LISTING FOR TDK INPUT INITIAL LINE PROBLEM

PROALEM TOK (LFINL) s NZONFS=2s TEST OF INPUT INITIAL LINE
SPECTES MASS FRACTIONS
C

Y

co
co2
H
HO2
H2
H20
H20?2
N
NO
N2
0
o
02 .
REACTIONS : YEST CASE IN OOK FORWARD RATES
co ¢ 0 = CO2 2 Az0.1E17+B=0,35E0) eN=040s
OH ¢ H = H20 WAz0,1F20,820,0,N=0,1E01,
c+ 0 =(CO o A=0,3F174R20,0yN=0,5E00,
PhH = H2 WA=0,75F19,R=0,Ven=0,1E0L,
N ¢ N 3 N2 oA=0.1F1Q96=0.0vN=°.lEOl.
‘N ¢ 0 = NO e A=0,6F1798=0,04N=0,5E00,
0+ H = OH WA=0,2E1QsR=0,09N=0,1E0L,
0+ 0= 02 - WA=0,10F17,820,04N=0,5€00,
END TBR REAX
OH & CO = C02 +» H A eA20.31F12¢B=0,6F00sN=0s0y
02 ¢+ CO = c02 + O WA20,35F13sR=0,51E02,N=0,Y,
H2 ¢ OH = H20 *+ H sA20,6E1 24020 ,5E01 4N==0,5E00,

P 8 OH 2 H?20 ¢ O 0A=0.1"66551koQ=0.9ﬁﬁ7lEOOoN=Oo\305-0}0
cn2 ¢« € = CO ¢ CO eAZ0,105F12,A=0,69949E011N==0+5E00,
OH ¢« C = CO ¢ K 0Bz, 5IF12:820,5627RF 01 ¢N==0,5E000
NO ¢ C = CO ¢ N 0hz0,53E121R=0,B3025E01 ¢N==0.5£00
€02 ¢« N = NO ¢ CO oA=O.10561¢eH=0959636E03.N=-0.5500.
02 ¢ C = CO ¢ O 0A30553F1208=0065513E010N=f0055000

OK ¢ K =2 HZ ¢ O oA=0,146F13,R20,510E01oN=0,0,
2e0H = H? ¢ 02 GA20,16127E144850,4602644E02,N=0,15E-01,
NO ¢ N = N2 ¢ O 0&50.15F1Q9820000N=0000
? & NGO = N2 & 02 sa=0,1E144820,994R8E02,n30,0,
OH ¢ N = NO ¢ W vA20,53F1<sR=0,5627AF 0L N2=0,5E00,
62 ¢ N = NO ¢« O QA=0.1R€0908=0.600]F01qNSﬁh.15€019
OH ¢« 0 = 02 ¢ H 0A=°.3?F120830.lEOOQNSOﬂ.“7EOOQ

LAST REAX
THIRD RODY REAX RATE RATTOS
ALL FQUAL 1.0
LASY CARD
€ONK RSTAR=6,16¢ THETA=34¢B27y THETAT=30.0¢ RWTUS2,0¢ RWTD=2,0¢ RI=2
lHALL=6. THE?1‘0573! Np75310. PC=lﬂ0.0.
PWRS (2) 21,4002, 1,8633, 15670, 1.,6934, 1,8302,
1.9824¢ 2,6A26¢ 025800 3,R101s
PWZS(21=1.2079s 1,2R03¢ 1.4475, Yeh343y 1,8433¢
2003000 3,26040 46636170 5,55%G9
§TPK INLINF=53¢ MASSFL=?s NC=le
SLINE N=0 o Re= 1,00000, XC= 000006, THETA= 6,000,
PRESS 47.83%. DENSE 0,021216, VEL=40RR.A1. Temp=3330,514 ZONE=2,
SPMASS{1)=2,1653928E=15 L2358961F=00, .2806647F~1s c451562aF=%, ZONE
SPMASS15)2,5596654F=10, 15277400F=014 ,1733660E=0y (3559407E=9s Z0NE
SPMASS(9) = o1036159€-8, 0,6053005%F =2 0,509R968, 0,26459435€-T, ZONE
SPMASS (17 ,2060921E=by o10R1624F =Ty Z0NE

SLINF N=1 o RC=  ,93085, xe= (N0T59, THETA= T ,094,
SLINE N=2 &« RC=z ,9°08l, xc= 01519, THETA= .187,
SLINE N=3 ¢ RC= 497107 Xe= L0721y THETAz ,279,
SLINE Nzb RC= 96173, xc= ,030644, THETA= 371,
SLINF N=5S o RCs  .95179. xr= ,03A09, THETA= L5663,

¢

FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD

FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD
FORWARD

'00

=24
=26
‘32'
=2¢

AR BRR

O~ NS WN~



SLINE N=6
SLINE N=T
SLINF N=8
SLINE N=z=9 o
SLINE N=10,
SLINE N=ll,
PRES= 47,B35
SPMASS (1) =

SPMASS(5) =

SPMASS(9) =

SPMASS(13) =

SLINF N=lltoe
SLINE N=12
SLINE N=13,
SLINE N=léo
SLINE N=z1G,
SLINE N=z16»
SLINE N=17,
SLINE N=lRs
SLINE N=19,
SLINE N=20,
SLINE N=2Z21,
SLINE N=z=22,
SLINE N=23,
SLINE N=24.
SLINE N=z=25,
$LINE N=26
SLINE  N=27%
SLINE N=Z28,
SLINE N=29.
SLINE N=30,
SLINE N=31,
SLINE N=32,
SLINE N=33,
SLINE N=34,
SLINE N=35,
SLINE N=36,
SKLINE . N=23T7,
SLINE N=z38.
SLINE N=39,
SLINE N=40,
SLINE N=6,
SLINE Nz4?2,
SLINE N=&44»
SLINFE N=4S5,
SLINE N=&46,
SLINE N=4T
SLINE N=z4B,
SLINE N=6409,
SLINE N=50,
SLINE N=s51,

TABLE 6-13.

RC= 94174,
RC= ,L,93109,
RC= ,92Mn2,
RCz ,91n44,
RC= ,899Q4,
RCz LB89994,

+ DENS= 0,01R390,

(Continued)

xc=
XC=
Xc=

. XC=

XC=
XC=

VE|L=47646,

, 04576,
, 06345,
Nells,
«NEARRA
JNT7663,
N7663,

«14140064E=11y ,88687APF=01,
+1919915F«04¢ L6AG5R514F~02,
210354026 =08, ,1222397FE=01,
e 2391190E~01, '1575951FT01!
.0B356s THETA

RC= +RBRAP .
RC= 87716,
RC= +BEBRG
RC= 285376
RC=  ,B86182,
RC= LB297),
RC= L,Al761,

RC= 80493,

RCz ,79226h,
RC= L,717937,
RC= 76627,
RC= L,75795,
RC= ,739138,
RC= 77566,
RC= ,71147,
RC= ,69709,
RCxz 68742,
RC= ,6AT742
RC= .65707,
RC= ,636716,
RCz 672024
RCz ,60370,
RC= e OREHT e
RC= 56917
RC= ,55110,
RC= ,53741,
RCz ,513nS,
RC= ,49792,
RC= «07163,
RC= 2440097
RCz 42488,
RC= .“0?“7'
RCE .37‘\47'
RCz=  (34R55,
RCe ,311018,
RC= L2R489,
RC= 24646,
RC= L,20123,
RC=  L14279,
RC= .07115,
RC=z ,L,00000,

XC =
XC=
X¢=
Xce
Xc=
XCc=
XC=
XC=
xcs
X¢=
XC=
XC=
XC=
XC=
XC=
Xc=
Xcs=
X¢c=
Xe=
xAC=
XC=
XC=
XC=
XC=
XC=
XCs=
Xc=
XC=
Xc=
XC=
XC=
XC=
X¢=
X¢c=
XC=
%XC=
XC=
XC=
xXC=

“xe=
xCs=

«09103,
+ 09850
210897,
11344,
0)2091'
«172838,
«138R5,
« 16332,
«JBOR0,
« 15827,
16547,
J17321,
«JR0OAR,
+1RR1S,
0195620
« 20309,
« 21056,
«21803,
22550,
«23297
26044,
.?‘4791 L]
+ 28838,
« 6286,
«27033,
«CTTR0,
0?9527'
e 09274,
.30n210
+30768,
031515,
.3?262’
+33009,
«33765,

¢ 34503,

+ 35250,
35997,
e 36744
.37305|
.374920

THETA=
THETA=
THET A=z
THETA=
THETA=
THETA=

1059697
+3170408
24251789

THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THFETA=
THE TA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THETA=
THET Az
THETA=

.553
N
733
.822
.911
,911

’
]
’

= 0,
1,010
1,065
1,118
1,169
1,218
1,264
1,308
1,350
1,390
1,427
1,661
1,493
1,523
1,569
1,573
1,594
1,611
1,626
1,637
1,644
1,648
1,668
1,643
1,635
1,621
1,603
1,579
1,549
1,512
1,468
1,416
1,356
1,282
1.19%
1,091
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14
’

v DSFLAG=1,0,

PR AAD

37, TEMP=5211,42, ZONF=1,

«8602222E-03y Z0NE=1y

s 3989318E~05, ZONE=1l,

+3626382E=-02y 20NE=1)H
ZONE=ls

954 $
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6.9 INITIAL VALUES FOR THE $@ZDK, $TRANS, AND $TDK INPUTS

The following defines nominal values to which variables will be set if
not input. If a variable is not listed, no nominal value is set, Variables are set
in the subroutine containing the Namelist read..

S@PDE, set in subroutine @DE

DELH(I) = 0,
ECRAT = 0.

EQL = ,TRUE,
EQTHST = FALSE.
ERATIZ = LFALSE,
FA = LFALSE,
FPCT = ,FALSE,
FRZZ = ,TRUE.
IZNS = ,FALSE,
KASE = 0
LISTSP = ,FALSE,
gF = ,FALSE,
QFSKED(I) = 0.

P(D) = 0.
PCP(1) = 0,
PSIA = ,FALSE.
RELERR = ,0005
RKT = ,FALSE.,
SI = LFALSE,
SUBAR(I) = 0.
SUPAR(I) = 0,
WFLGW = 0.
XP(I) = 1,
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$@DK, sct in subroutine FDKINP

C@NDEL = 1.0E-6
DEL = .001
EPS = 0.
EPSEL = 1,0E-5
HI = .01
HMAX = 10001
HMIN = ,005
IDYSCI = 0
IWALL = 1
IF = 0
JPFLAG = 0
JPRNT = -1
RZNGRM = 1.
TEXPLI = 0.
XM (1) = 0.

XMFTST = 1,0E-3

STRANS, set in subroutine TRAN

ALI = 0,
IBUG = 0
MP = 50
PMCRIT = 1,
PMDEG = 1.
XM (1) = 0.

STDK, set in subroutine CHAR

DRPISP = 0.
DS = ,15
DTWI = 2.
DWWI = 3.
EPW = ,01
ES = .005
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,_,\\ $TDK (cont'd)

ETABAR
ETHI
IMAX
IMAXF
MASSFL
NC
NDS
N1

N2

@FBAR

TEXPLI

« 25
10

1000
1000
0.
0.
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7. INPUT AND OUTPUT FOR A SAMPLE CASE

On the following pages input and output for a sample @DE-@DK-TDK
problem are presented., The calculation is performed for a liquid oxygen/gaseous
hydrogen propellant systems. The injector is assumed to produce a stratified
nozzle flow with a mixture ratio of 6.5 near the axis, 8,0 in the central zone,
and 5.0 near the wall, Equal mass flow is assumed for each of these zones., Each
zone is assumed to have a different stagnation pressure, The pressures are 300,
285, and 270 psia from axis to wall. The calculafion was performed using an
Univac 1108 computer. Execution time for the case was 4.772 minutes.

A brief description of the computer output is presented followed by a
complete listing of the computer program print out., The last page of this section
contains a listing of punched cards of boundary layer inviscid edge conditions
(IPTAB=1) obtained from the sample case.



7.1

DESCRIPTION OF PROGRAM OUTPUT

Output for an N Zone @DE-@FDK-TDK problem is outlined below:

7.

All input data cards are listed

@DE subprogram output

a. Fuel/Oxidizer/Mixture description and list of species considered

b. Equilibrium calculation output; Frozen calculation output

¢. Summary of Equilibrium Contraction Ratio conditions

@DK subprogram output

a. Listing of Reactions, etc. cards as they are read '

b; Species list from Reactions

c. Reaction table

d. Selected species list for kinetic expansion

e. Dissociation/Recombination reaction rate ratios

f. Initial and Throat conditions for one dimension DK expansion

2 and 3 above are repeated for each zone with redundant print omitted,
Inputs to the transonic calculations and the calculated results are ﬁrinted;
These include y, mass flow for each zone and, the slipline locations, Yn’
Number of points on the initial line, characteristics mesh control para-
meters and table of x vs. r wall coordinates are printed. The wall table
is used by TDK to define the nozzle wall downstream of the throat plane
(see Subroutine WALL, Section 5.8.4).

A table of P, p, 68, V, r, x, and mass flow rate is printed corresponding
to the initial data line for starting the method of characteristics calcula-
tions. The method used to calculate the mass flow rate, i, and the char-
acteristic velocity, C*, (also printed) is described in Section 5.8, 2.
Results of the method of characteristics calculations are then printed,

The calculations begin at the initial data line (until the axis is reached)

and follow each left running characteris{:ic to the wall,



THERMO
300.0008 1000.000 5000,000

AR L 5/66AR 100 000 000 06 300.000 5000.000
0.2500000C0€ 01 O, 0, 0, Co
~0.74537502E 03 0.43660006E 01 0,25000000FE 01 0. Co
0. o, ~0.74537498E. 03 0.,43660006E 01

H J 9/65H 100 000 ©00 o¢ 300.000 500p.000
0.25000000E 01 0, 0, 0 Ce
0.25471627E 05+0,46021763E 00 0,25000000E 01 O, ¢,
0, O, 0425671827 05-0,46011762E 00

H2 J 3/6tH 20 00 00 06 300.000 5000.000

0,31001901E 01 0.51119464E~D3 0.,52644210E-07~0,34909973E~10 (.36945345E~14
~0.87738042E 03-0.19629421E 04 0.,30574451E 01 0.,26765200E-02~( .38099162E~05
0.55210391E-08~0,18122739€~11-0,98890474E 03~0.22997056E 01

H20 J 37614 2C 400 000 o6 300,000 5000.000
0,27167635E 01 D.29451374E-02-0,80224374E~06 0.10226682E-09-C.48472145E~14

-0.,29905826€ D5 0.66305671E gL 0.40701275Z 01-0,1108644%9E-02 £,41521180E-05

=0,29637404€-08 0.80702103E-12-0, 30279722 05-0,32270046E 00

N2 J 9/65N 20 00 00 o6 30G.000 5000.000
0.28%63194€ 01 0.15154866E~-02-0.57235277~06 0,99807393E~-10-C. 65223555E 14

«0.90586184F 03 0,61615148E 03 0.36748261¢ 01-0,12081500E~02 0.23240102E~05

«0.63217559E-09-0.225772536-12-0,10611588E 04 0.23580424€ 01

o} " J 67620 400 Q00 000 o6  300.000 5000.000
0.25420596E 01-0,27550619E~04-0,3102R033E~08 0,45510674E-11-0,43680518E-15
0.29230803E 05 0.49203080E 01 0.29464287E (1~0.16381665E~N2 0.24210316E~05
~0.16028432E-08 0,38906964E~12 0,29147644Z 05 0,29639949E Q1

oH 4 3/660 1K 100 000 o6 300.000 500p.000
0+291064276 01 0.95931650E~03-0,194417022-06 D,13756646E-10 0.14224542E~15
0,39353815E 04 0,54423445€ 0) 0.38375943€ 01-0.10778858E~02 0.96830378E~06
0,18713972E~09~0,22571094E-12 0,364128232 04 0.49370009€ 0O

02 ©J 97650 20 00 CO0 oG  3003.000 5000.000
0.36219535E 01 0.73618264E-03~0,1965222BE~06 0.36201558E-10~0.28945627E~14
-0.12019825E 04 0.36150960F 01 0.36255985C 01-0,18782184E-02 0.70554544E~05
«0,67635127E~08 0,21555993E~14-0,10475226E 04 0, 430527785 01

END

"TITLE 3 20ME TDK TEST CASE,LCX/GH2

PRUBLEM OCE-ODK~TDK, NZONES=3.

REACTANTS

enrns TEST CASE tops

H 2.
o 2.
N 2.
ARI.

NAMELISTS
$0DE
1PTAB=Y,
RKT=4T.,
P(1)=300.+PSTA¥Ty,
XP(1)=100095| 090
0FSKED=6-5,8;0§¢)
ECRAT=3, »SUBAR{1)83,,
SUPAR(l) 2- !40'10- '150'200'25'0
SEND

100,
99,398
1053
1549

.’21540L

-3102.L
'29390L
'26070L

20,27F 0709
90,180 1.149
77.350 ,808
%0, O

HBUNFAUWNPEBEUWUNE LUWUNF LEUWNE DL UWUNRPRLWUNEESUWUNR

[
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REACTIONS 0~M MAY 3-4 4972 JANNAE PSWE
" H 4+ 0H = H20 s A27?.5E23 s N=22.6" o B30
0+ H 3 0H » A=4,0E18 » N=ie o B=0es
0o+0 = 02 ’ A=1c2517 s N=1s 5 350
H+H = H2 s A=6,4E17 o Nzio ¢ B=Q.o
END TBR REAX
"2 ¢ CH = H + W20 2 A=2-19E130 Mz20» ® 335015'
OH ¢+ OH = O ¢ H20 Az5,75E12+ NxBe o 3% ,780,
H+0H = 0 ¢ K2 o A57.33EL12¢ N30o o 857.300¢
0+« 0OH =H+ 02 ¢ AZ1,3EL3 » Nz0. » 830«
LAST REAX . :

INERTS N2:4R, END

THIRD BODY REAX RATE RAT!OS
SPECIES ARs1.elgsdosloe ‘
SFECIES M2+5.059s500400 .
SPECIES H200200|5095‘92000
SPECIES 02+5.050:4:5,1:5
SPECIES ]Co4.04gv4991 9,
SPECIES Hs12.5:,42.5,12.5,254,
SPECIES 0r12.5132:9,320592540
SPECIES Qks+312¢5¢12:5,12, 5,25, .
LAST CARD

$GOK

RSTARZ2, 1 RWTUZ . s RWTD=1, THETAIRI0, s RI%2.0
[waLlsi, THETAZ13.,

EPS=2.,

SEND

$TRANS

MP=30.
XH(l)-.33334003333339333330
SEND

$TDK

NC=1»

SEND

THERMO
TITLE 3 ZONE TOK TEST CASE,LOX/GH2
PROBLEM ODE~-ODKeTDK: NZONES=3¢

(AR)
(AR)
(AR)
(AR)

8AULCH
BAULCH
BAULCH
BAULCH

s00s TEST GCASE sees

NO.

NO.
NO,
NO.

NO.
NO»
NO.
NO.

NN

22
23
25



S-4

ZoNES 4
REACTANTS
H 2.0000 '|°00° ---0000
Q 2.0000 '00000 «4,0000
N 2.0000 «,0000 ~ =,0000-
AR 1.0000 -,0000 -+0000
NAMELISTS
SPECIES BEING CONSIDERED IN THIS SYSTEM
L 5766 AR J 9765 H
J 6762 0 J 3766 OH
OF = 6.500000
EFFECTIVE PUEL
 ENTHALPY HPP(2)
{KG-MOL){CEC KI/KG - 53769264403
KG-~ATOMS/KG BOP(]1.2)
H ,99209302~00
0 ; .05000000
N .062600C3
AR .000C0203
PT H ] N AR
1 ~9.911 =18.150 =17.100 ~23.793
2 -10.,110 =16.43% -17,274 -2§.,216
PC/PT= 1,728141 T = 3233.46
2 -40.110 ~16,431 =17.274 =26.216
PC/PT= 1.726860 1 = 3233.47
3 -9,918 -16,160 =17.106 =25.808
3 «9,620 =16,162 -~17.107 -25.811
3 -9.920 =-16.162 ~-17.107 ~25.81t
3 -9.920 -16.,162 =-17.107 <-23.811
4 =10.671 ~17.414 =~17.7790 =27.415
4 <-30.643 ~17,3b4 =~17.745 =27.354
4 =10.643 =17,354 ~-17.745 =27.354
5 -10.995 =18.279 =-1B8.064 <=29.142
5 -10.975 =~18,215 =18.046 =28.097
5 -10.97% ~18,214 ~-1B.046 =23.097
6 =-11,337 ~-19.904 ~-18.385 <=28,985
6 =-11.330 =-19.860 =~18.379 =28,968
7 -11.458 =20.823 -18.500 <=29.308
7 ~11.464 -20.875 '-18.505 =29.325
8 ~-11.560 =21.,778 =18.,5%5 <+29,586
8 -11.554 =21.718 =~18.590 ~=29.570
9 -11.,6156 =22,380 =~18.,648 ~=29.74¢
9 ~11.622 =22,445 =-18.653 <=29.757

=,0000
=,0000
=.0000
'-0000

10.00
3.080

2,050

4,020
2.000
2,000
1,000
5.000
3.,0C0
2.0720
4,020
3.0920
1.000
4,000
2,000
4,000
2,000
3.000
2,000
3.000
2,000

-,0000 100.000000
~.0000 99,398000
~,0000 .053&00
-, 0000 ¢549000
J 3768 H2
J 7765 02

EFFECTIVE OXIDANT

HPP(1)

-, 48658226402

BoP(1,1)
. 00000000
+62126080-0L
«37839034-304
+13742866-03

-2154.00
~-3102.00
-2939.,00
-2607,00

rree

J 3764 H20

MIXTURE
H5UB0
~:11389748+03

B8aC1)
¢13227907-00
.53842602-01
¢ 32793826~-04
.11913453-03

20,270
90.180
77.350
90.000

ooo™m

+ 07090
1,14900
+80800
-.0C0C0

J 9765 N2



THEORETICAL ROCKET PERFORMANCE ASSUMING EQUILIBRIUM COMPOSITION DURING EXPANSION

PC = 300.0 PSiA
CHEMICAL FORMUL
FUEL ¥ 2.00000

OX1DANT 0 2.00000
OXIDANT N 2,00000
OXIDANT AR 1.00Q000

Q/Fz ,6500+01 PERCENT FUELs 0000

CHAMBER
pC/P 1.0000
P, PSIA 20¢.0
T» DEG R 6110
My BTU/LSB ~407.4
Se BTU/Z({BY(R) 4,2738
DEN (LBM/FT3) 1639-01
M. MOL WT 13,965
{oLv/oLP)T »1.04072
(DLV/DLT)IP 1.7429
CPrBTU/(LE)(R) 2.78%0
GaMMA (S) .. 1,1290
SCN VEL.FT/SEC 4955,7
MaCH NUMBER «0CO0
AEZAT
CSTARs FT/SEC
CF
JvAC,LBF-SEC/L
1, LBF~SEC/LBM
MOLE FRACTIONS
AR 1001663
o] «046555
W2 2210192
W20 1657923
N2 +000229
0 o 2008445
OH + 064455
02 1010537

NOTE., WEIGHT FRACTION OF

A

THRCAT
1.7269

173.7

5821
’86709
4,2738
v 394-01

14,155
°1003‘37
1.6585
2.6244
$.1271
480C.4
1.0000

1.0000
7355
+ 853
281.6

T 449%9.2

.001686
.0402068
«204302
,684872
.000232
,006357
.053801
+008545

FUEL IN TOTAL FUELS &ND OF

EXIT
440236
293,13
6097
427 .6
4,2738
+626-01

13,973
~3,04044
41,7395
2.7828
4.1289
£948,8
¢2033

3,0003
7355
137

70%.3
3.3

+001654

1046284

+209937
659092
000229
1008350
063994
1010453

EXIT
7.5248
39,87

5092 -

-1976.4
4.2738

e467=C1 -

14,617
ey ,01772
13881
1.9855%
1.,1289
4422,4%

2.0c38

2,0000
7355
1,205
336.2
275.4

.001741
,023874
«190612
750492
.0Cc0240
,00215%
027451
,003474

EQUIVALENCE RATO=

EXIT
20,056
14,96

4610
- =2617,.8
4,2738
9449'02

14,858
=4.00845
" 1.2035
41,4659
1,1442
4195,8
2,5065

4,0000
7355
1.430
372,5
326.9

2001770
+013883
+185234
«783969
+ 000244

000643

+013128

001130

+3228+401 STOIC MIXTURE RATIO®

EXIT
470800
4,425
3955
“:’311 09
£,2738
+357-02

15,034

~1.00186
1.0510
+9638
1,1750
3921,6
30742

10.0000
7355
1,639
408,4
374.7

+001791
+ 004340
+184239
+806666
«000247
+000043
.002625
+C0p080

WT FRACTION
(SEE NOTE)
1.00000
99398
«00053
+03549

v EXIT EX]T
115.48 168,41
2,598 1.731
3647 3428
«3579,2 ~3755,1
4,2738  4,2738
¢160-02 .738-03
15,067 15,078
«1,00074 =3,00035
14,0217  1.0197
8455 .7925
1,4935  1.2041
373%.,9  36A9,5
3,3242  3.5580
15.000 20.000
7355 7355
1,743 1,760
421.3 . 429,4
391.6 402,3
+001795% ,001796
+001973 ,00401¢
1184773 ,185100
1810286 .811475
.000247 ,000247
,000007 .000002
000906 000387
+000013 .000003

OXIDANT N ToTaL OXIDANTS

ENTHALPY STATE
CAL/MOL
~2134,000
~3102.000
=2939.000
~2607+000

[ ol i

»0000

EXIT
225,59
1.330
3263
~3884,0
4,2738
1573-03

15,083
=1,.000418
10059
17636
142112
3608,5
3,6552

25,000
7355
1,793
435,3
409.9

1001796
v 000563
¢185280
1811945
1000247
1000000
«000167
2000001

TEMP

DEG K
20.27
93.18
77,35
90.03

DENSITYS®

DENS}TY
G/ce
0709
1.1490
18080
-,0200

+0000



L-L

PC = 300,0 P

CHEMICAL FORMULA

FUEL H 2,0
OXIDANT Q0 2.0
OXIDANT N 2.0
OXIDANT AR 1.0

0/F=  ,6580+01

PC/P

P, PSIA

T, DEG R

H, BTU/LSB

S: BTU/Z(LBI(R)
DEN (LBM/FT3)

M: MOL WT
CP,BTU/Z(LB)(R)
GAMMA (S)

SON VEL,FT/SEC
MACH NUMBER

AE/AT

" CSTAR: FT/SEC

CF

. [VAC.LBF-SEC/L

SlA

0Qao
0090
slsshs]
0000

{

THECRETICAL ROCKET PERFORMANCE ASSUMING FRCZEN COMPOSITION DURING EXPANSION

PERCENT FUELs 0000

CHAMBER
1.0000
204.0
6110
-407.4
 4,2738
,639-01

13,965
+B445
12026
8114.7
+0000

], LBF-SEC/LBM.

MOLE FRACTIONS

AR

N2

AR
N2

00166
100023

«001663
000229

THRCAT
11,7758
169.0
5543
'883-l
4.,2738
+397=01%

13,965

. 8324
1.2062
4878.,7
1.0000

1.0000
7482
,679

277.4
151.6

©oXxX OoOX

EXIT
1,0248
292.8
6085
"42506
44,2738

62601

43,965
,B440
1,2028
5104.,5
12018

3,0001
7182
0143

685,5

32.0

EQUIVALENCE RATIO=

EXIT
8.,4242
35,61
4220
-1959a1
4,2738
+110-01

13,965

7912
1:2193
4280.4
2.0588

2.0000

7182

1.227
326.9
273,9

+04656
+00844

9046555
2008445

EXLT
23.848
12.58
3486
-2528.3
4,2738
|469’02

13,965

. 7571
1.,2315
3909.2
2.6353

4,0000
7182
1,434
357.6
320.2

HZ.
OH

H2,

OH.-. .
ADOITIONAL PRODUCTS WHICH WERE CONSIDERED 8UT WHOSE MOLE FRACTIONS WERE LESS THAN ,0000003 F

WT FRACTION
(SEE NQOTE)

1.00000
+ 99398
+00033
«00549

ENTHALPY
CAL/MOL
~2154.000
=3102.,000
~-2939,000
~2607+000

.1228+01 STOIC MIXTURE RATIO® ,0000

EXIT
86,045
3,487
2717
-3092,4
4,2738
v167-22

13,965

+7096
1.2508
3478,7
3.3321

10,000
7182
1,614
386,2
360.,3

EXIT
149,87
2.002
2427
«3295,4
4,2738
+107-02

13,965

6880
1.2608
3300.6
3.6421

15.000
7182
1.674
396.0
373.6

121019
106448

1210192
1064455

EXIT
221,70
1,353
2236
»3425,3
4,2738
78703

13,965
67258
1.2684
3177,7
3.8671'

20.000
7182
1,711
402,1
381,9

H20
02

H20
02

EXIT
300,20
19993
2096
‘351807
4,2738
1620-03

13,965

16605
112746
3084,%
4,0457

25,000
7182
1.737
40644
87,8

STATE  TEMP
DEG K
L 20427
L 90.18
L 77435
L $0.00
DENS1TY=
165792
+01054
1657923
+010537

DENS{TY
G/CC
10709
141490
+ 81780
~,3000

0000

QR ALL- ASSIGNED CONDITIONS



EQUILIBRIUM CONTRACTION CONDITIONS ZONE 1

160970928404

TEMPERATURE (DEGR)
PRESSURE (PSIA) 129308783403
VELOC]TY (FT/8) 110067241404
SPECIES MCLE FRACTIONS
1 AR 16564249402
2 H 14628122201
3 H2 +20993705~00
4 H20 16590915200 -
§ N2 02291137403
6 0 +83500642-02
7 OH +63993879~-01 '
8 02 01045293001
ZONE =

$$$55555SS CURRENT EXECUTION TIME THIS CASE =

.042 (MIN) $$S$853SSS

REACTIONS O~H MAY 3-4 1972 JANNAF PSWG
H ¢ OH = HZ0 s A27,.,5E23 » Nz2,86 » 32000 ¢(AR? NO.
0 ¢ H s OH » A=4,0E18 » N=331:. o 33009 (AR) NO»
0+0 = 02 s -A=1.2E17 s N=41. ¢ 35000 (AR) NO.
M e H * H2 s AZ6.4EL7 2 Nsi. o Bz0es (AR} NO.
END TBR REAX
H2 + OH = H ¢ H20 » A=2,19E13s Nx0. 825445, BAULCH NO»
OH + CH = 0 ® M20 o+ A=5.75E12¢ N=0. » B=.780» BAULCH NO.
H+OH = 09¢ M2 s AS7.33E120 N3O. » 827,300 BAULCH NO,
O+ O0H = H &« 02 o+ ASL.3EL13 » N0, + B=0eo 8AULCR NO.
L.AST REAX '

INERTS N2,AR,END

TH]RD BCDY REAX RATE RAT]OS
SPECIES AR 1.01s0800dcr
SPeCIES H2+5.1500500409
SPECXES HZQ.ZO:O&GOS;'ZO.;
SPECIES 02¢5.09:¢4:5,405
SPECIES NZsd.24,040p1:5,
SPECIES He12:.95:42,9,12:5:25.,
SPECIES 0'1205'12w501205l2503
SPECIES Qhs12+5152:5,12.5:25,9
LAST CARD :

O AN



6-L

SPECIES TABLE

ZONE == 1

(OBTAINED FROM REACT{ONS)

THIRD BODY REACTION 3  Ar
: REACTANTS
PRODUCTS

THIRD BODY REACTION 2 A=
REACTANTS
PRODUCTS

THIRD BODY REACTION 3 A=
REACTANTS
PRODUCTS

" THIRD BODY REACTION 4 A=

REACTANTS
PRODUCTS

REACTION = 5 A=
REACTANTS
PRODUCTS

REACTION 6 A=
REACTANTS
PRODUCTS

REACTION 7 A=
REACTANTS
PRODUCTS

REACTION 8 A=

o U s U N =

o -
H20

02
H2

REACTION TABLE

ZONE 2 1
+7900000+24 3= 0000000
H ¢ OH '
H20
.4000000+19 3% ,0000000
o o
OH
.4200000+18 8=  ,0000000
4] + 0
02
6400000448 3= ,0000000
H +* X
H2 .
,2190000+44 8% 515000040y
H2 + 0OH
H s H20
.5780000+23 23 ,7800000-00
OM + OH
0 ) + H20
7330000443 B= 47300000404
H + CH
0 + H2
1300000444 B=  ,0000000

N®

NS

NI

Nﬂ

NR

NE

,2600000+01
,1000000401
,1000000+01
.1yuoooo+01'
,0000000
.0000000
,0000000

»0000000



uL=4a

$555555585 CURRENT EXECUTION TIME THIS CASE =

+30000+01
112500402

110000401
112500402

+10000+01
112500402

+10000+01
125000+02

@»w ~N O w E O VI I

SELECTED SPECIES FOR KINEY.< EXPANSION

AR

H2

H20

N2

OH
02

ZONE = 1

116642494-02
146251222~01
12099370500
165909152-00
,22911374-03
183500642~02
16399387901
+10452930-01

INERT SPECIES

INERT SPECIES

DISSOCIATION RECOMBINATION REACTION RATE RATI0S

.12300+02
»50000+01

.12500+02
+50000+01

.+12300+02

»45000+04

’025000*02

+15%Q0¢01

Z0NE = 4

,50000403 ,20000+02
150000401 ,50000+01
,50000401 , 50000401
140000404 ,20000+02

<080 (pMIN) S335STFISS

+40000+01
.40000+01
+40000+01

+15000+01

412500402
112500+02
112500402

125000402




FLOW PROPERTIES

MACH NUMBER

VELOCITY (FT/SEC)

PRESSLRE (PSIA)

DENS[TY (LB/FT3)

- TEMPERATURE (QEG-R)

ENTHALPY (BTU/LB)

GAS NCLECULAR WEIGHT

HEAT CAPACITY {(BTU/LB-DEG=R}:
GAMMA

MASS FRACTION

INITIAL CONDITIONS

ZONE = 1

+19709422-00
+10067241+04
162588051~01
,80970928+04

142756342433

113972974402
+84430440~00
112025759+01

KINETIC EXPANSICN
O/F = 6,5000

NIZZLE GEGMETRY
TYROAT RADIUS (FT)

TAROAT WalL RADIUS DNSTREAM

CINE ANGLE (DEG)
EXPANSICN RATIC
CINTRACTION RATIO
INLET ANGLE (DEG)
JNLET wAlLL RADIUS

TAHROAT WALL RADIUS UPSTREAM

CHEvYICAL COMPOSITION

MOLE FRACTION

11-4

SPECIES

AR .47580019-02
H2  ,30288504-0%
N2 ,45933346=03
OH +77890900~04

116642494-02
2099370500
02291137403
163993877-01

NO,

2

4
6
8

.

SPECIES MASS FRACTION
M ' ,33385936~02
H20 +84976596-00
0 49561029402
02 ,23937725-01

131666666700
+1C0000720+01
+15000003+02
.00C00000

.300026806+04
+30050002+02
+20000000+04
«100CQC000+08

MOLE FRACTION

\46281221~04
+65909152-~00
,83500642+02
11045293004



THROAT CONDITIONS KINETIC EXPANSION

ZONE = 1 0/F & 6,.5000
FLOW PROPERTIES PERFORMANCE PARAMETERS
MAGH AUMBER 9693298600 VACUUM “HRUST COEFFICIENT 12319782404
PRESSLRE (PSIA)} 047362727403 VACUUM SPECIFIC IMPULSE (SEC) +28353R64+03
VELOCITY (FT/SEC) «4R028602+04 ) CHARACTERISTIC VELOCITY (FT/SEC? «73525844+04
DENSITY (LBZFT3) ¢ 3935943201 .
TEMPERATURE (DEG~R) «SR174641+04 INTEGRAYIQN PARAMETERS
ENTHALPY (BTusLB) ~98683572900}
GAS MCLECULAR WEJGHT +114152928+02 STEP gliE :49999996~02
HEAT CAPACITY(BTU/LB=DEG) 8383162700 AXTAL POSJTION . ,00000008
GAMMA «12012048+01 PERCENT ENTHALPY CHANGE ,10736396~-01
) PERCENT MASS FRACTION CHANGE +11622906~03
CHEMICAL COMPOSITION )

NO, SPECIES MASS FRACTICN  MOLE FRACTION  NO, SPECIES MASS FRACTION MOLE FRACTION
1 AR , 4758001902 ,16856351=02 2 , 28709494702  .40309919-01
3 H2 »29107463-01 «20434347-00 4 W2l .87147666~00 .6B84616431~00
5 N2 4593334603 22320578503 6 o , 7213947402 6381213702
7  OM 16471534604 5385228501 8

02 : +19397162-01 185790364-02



E1-4

Z0NE= 2

SPECIES BEING CONSIDERED IN THIS SYSTEM :
L. 5766 AR W 9765 H J 37831 H2 J 3764 H20 J 9765 N2

J 6762 0 ' J 3766 OH J 9765 02
OF = 8,003000
o EFFECTIVE FUEL EFFECTIVE Ox1DANT MIXTURE

ENTHALPY HPP(2) ’ : HPP(1) HSU30 .
(KG-MOL)(CEG K)/KG -.53769264+03 -.48698226+02 -,10303094+03
KG-ATOMS/KG BOP(],2) BOP(1,1) BO(1)

H ,99209302=00. 00000000 .11023256+00

0 .60CC0300 ,62126080-01 .55223182-01

N ,000C9009 ,37839034-04 3363469704

AR 000060300 \13742866-03 . ,12215880-03
PY H 0 N AR

1 ~10.215 ~1%,533 ~-17.067 =-23,744 10,000

2 -10,443 ~15.736 ~=17.246 -26.442 3.000
PC/PT= 1.7255%23 T = 3271.98

2 =10.443 =15.736 =-17.246 -26,141 2.030
pC/PT= 1,723421 T = 3272.28

-10.224 -~15.540 ~17.074 =23,730 - 3,090
-10,225 =~15.541 =17.075 =25.732 2,000
~-10,22% =15.541 =~17.075 =25.733 2.000
-10.,225 -15.,541 =-17.075 ~-25.733 1,000
-11,127 =16,354 =17.766 =~27.367 4,050
-11,088 <=16,319 ~17.737 =27,299 . 3,000
-11,087 ~-146.318 -17.737 =27.2%9 2,000 ‘
-11,576 =16.764 =~18,088 <-28.120 4,000 ) :
-11.544 =16,735 =-18,065 =23,068 3,000 :
~11,544 ~16,735 -18.065 _’280C68 : 2,030
-12,168 =17.306 =18.479 =29.y35 4,000
-12.147 ~17.286 ~18.465 -29.003 3,000
-12.405 ~17,523 -16.622 -2%.372 3.0c0
-12,426 ~17.542 ~-18.634 23,401 2,000
-12,656 =17.752 ~18,764 =29.709 3,000
~12,633 =17.731 =~18,751 ~2%.679 3,000
~12,776 =-17,861 ~18.828 -29.882 3,000
~12,800 =17,883 =~18.,840 ~2%.A91 3,000

WVPO NNV L BUWWW



ACTA

PC =  285,0 PSIA

CHEMICAL FORMULA
FUEL K 2.00000
OX1DANT 0 2.00000
OXIDANT N 2.00000
OXIDANT AR 1.00000

0/F= ,8000+01 PERCENT FUEL=

pPC/P

P, PS1A

T, DEG R

Hs BTU/LSB

S, BTU/(LBI(R}
DEN (LBM/FT3)

Me MOL WT
(DLV/DLP)IT
(DLV/DLTIP
CP»BTU/(LBI(R)
GAMMA (S)

SON VEL.,FT/SEC
MACH NUMBER

AE/ZAT

CSTARs FT/SEC
CF
JVAC,LBF-SEC/L
f, LBF~SEC/LBM

MOLE FRACTJONS

AR
W
N2
H20
N2
0
OH
0z

NOTE, WE{GHT FRACTION OF

CHAMBER
1.0000
285.0
. 6164
'36805
3.8898
,681-01

15.818
?1305081
1.,9202
2.8641

1.1247 .

4667,9
,0000

1001932

039456
0124344
,679239
+000266
+018171
097062
039530

'
i
.

THEORETICAL ROCKET PERFORMANCE ASSUMING EQUILIBRIUM COMPOSITION DURING EXPANSION

+0000

THRCAT EXIT
1,7234 1,0235
165.4 278.4
5890 6152
~777.6 =#386.5
3,8698 33,8898
«420~03% 66701
16,046 15,828
«1,04559 <=4,05059
" 41,8643 1.9179
2.,7948  2,8616
141216 . 1,1246.
4524.4  4661,6
1.0000 12034
1,0000 2,9998
6952 6952
651 W136
266.0 662.7
140.6 29.5
,004960 ,001934
.034237 ,039228
4115211 123959
»708922 680511
.000270 +000268
.015337 018045
L086279 096596

«037784

1039461

EXIT
7.,4335

38,34
5230 |

'176409
3,8898

.114-01

16,632
=294 ,03205
1.6852
2:,4990
491457
4476,7
2:0014

2.0000
6952
1,202
317.9
259.8

.002052
,021567
,089443
. 7R6880
»000280
,008879
,059141
031778

FUEL IN TOTAL FUELS 4ND OF

EQUIVALENCE RAT]O®

EXIT
19.504
14.61
4838
-2338,7
3.8898
.478-02

16,991
L 02377
1.5500
2.2238
1.1143
3971,.7
2,4999

4,0000
6952
1,428
352,9
308.6

.002076
2014481
.071679
»836001

.000286

.005582
+ 043094
e026&04

WT FRACTION

{SEE NOTE)

1.00000
»99398
+00053
+00349

ENTHALPY STATE  TEMP

CaL/MOoL
"21540000
~3102.000
~2939.000
~2607.000

.7981~-00 STOIC MIXTURE RATIOF .0CQO

EXIT
'53. 193
4,510
4385
-2965,2
3.,8898
167-~02

17,386
-1,01480
1.3783
1.,8223
1,1165
3741,8
3,0463

10.000
6952
1,640
88,5

354.,3

+002124
+007555
0049784
0891614
+000292
+ 002648
2026130
2019853

.

EXITY
104,59
2,725
43194
=3211.1
3.8898
v106~02

17.536
»1.01146
13063
1.6365
1.1195
3648.6
3.2688

15.000
6952
1.716
40%.7
370.7

4002142
0005257
1040592
913346
+ 000295
001758
1019923

+ 016688 .

OXIDANT N TOTAL OXIDANTS

EXIT
149.03
1,912

4059

~3376,3
3,8698
77403

17,633
~1,00932
1.2577
1.5044
1.1226
3584,5

3.4225

20,000
6952
1,765
410,3
361,3

002154
«003904
,034322
»927608
+000297
« 001259
.016006
014449

EXIT
195,88
1,455
3954 -
*349%,5
3.,8898
2 807-03

17,703
-3,00782
142218
" 144030
141256
3535,7.
3+5401

25,000
6952
1.800
416,6
289,0

1002163
. 003013
0029646
0937946
4000298
1000943
2013256
2012736

e

DEG K
20,27
90,18
77,35

$0,00

DENSITY=

DEngTY
G/Cg
10709
101590
+8080
=,0000

.0000



S1-4

+

.THEORETICAL ROCKET PERFORMANCE ASSUMING FRCZEN COMPOSITION DURING EXPANSION

PC = 285.0 PSTA
CHEMICAL FORMULA
FUEL 4 2.,00000

OXIDANT ¢ 2.00000
CXIDANT N 2.00000
OXIDANT AR 1.CC00Q

0/F= .8000+01 PERCENT FUELs ,0000 EGUIVALENCE RATIO=®
GCHAMBER  THROAT EXIT EXIT EXIT
PC/P 1.0300 1.7741  4.0247  8.3927 23.700
P: PSIA 285.0 160.6 278,% 33,96 12.03
T: DEG R 6164 5598 6139 4277 3543
M, BTU/LB «368.5 ~791.7 ~387,4 ~4750.9 =~2259.6
S, BTU/(LB)(R) 3.8898 3.8898  3,8898 3,8898° 3,8898
CEN (LBM/FT3) ,881-01 .423~01 .668-0%1 ,117-01 .500-02
M, MOL WT 15,818 15,818 15,818 15,818 15,818
CP:BTU/{LBI(R) (7526 (7423 ' 7522 + 7074 ,6777
GAMMA (S) 1.2004 1.2037 1,2005 31,2160 1.2276
SON VEL,FT/SEC  482z2.3  4601.9  4B12.7 4043.1  3697.2
MACH NUMBER ,0000  1.0000 ,2019  2,0571  2.6311
AE/AT 1.0000 3,0000 2.0000 4.0000
CSTAR» FT/SEC 6762 6782 6732 6732
CF ,679 1143 1.226 1.434
1VAC,LBF-SEC/L 2619 647, 4 308.7 337.9
1. LBF-SEC/LBM 143.0 30.2 258,5 302.4
MOLE FRACTIONS
AR 100193 H , 03946 H2
N2 100027 0 ,04817 OH
AR 001932 KB 1039456 H2
N2 +000266 o} «018171 OH .

ADDITIONAL PRODUCTS WHICH WERE CONSIDEREQ BUT WHOSE MOLE FRACTIONS WERE LESS THAN 0000003

+9981-00 STOIC MIXTURE RAT]O® ,0000

EXIT
85,1384
3.346
2774
~2765,4
3.8898
+178-02

15,848

16364
1,2459
3296.1
3,3226

16,000
6782
1.615
365.1
340,4

WT FRACTION
(SEE NOTE)
1,00000
199398
+00033
+ Q0549

EXIT EXIT
*148.08 21874
1.925 1,303
2483 2292
*2947,9 =~3064,8
3.,8898 3.8898
¢114-02 .,838-03
15,818 15.018
+ 6175 6038
1.2554  1.2627
3130.3 3015,9
3.,6293 31,8515
15.000 20,000
6782 6762
1.675 1,713
374.5 380,3
353.1 36%,0
112434 H2Q
« 09706 02
1124344 H20
v 097062 02

ENTHALPY STATE TEMR
CaL/MOL DEG K
«2154.000 L 20.27
»3102.000 L $0.18
-2939.000 L 77.35
~2607.000 L 90.00

DENSITY=2

EXIT
295,82

19634

2151
'3149|1 .
53,8898
!660'03

15.818

15932
142687
2928.,7
440276

25,000
6782
1,739
384,4
366,46

67924
©03953

18679239
1039530

DENSETY
G/Cc
10709
1.1490
18080
-,0030

.0000

FOR ALL ASSIGNED CONDITIONS
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91=4

"EQUILIBRIUM CONTRACTION CONDITIONS ZONE 2

TEMPERATURE (DEGR) 181515340404
PRESSURE {PSiA) _ 127844690403
VELOCITY (FT/S) 194876213403

SPECIES MCLE FRACTIONS

i AR +19335328-02
2 M 0 39228033-01
3 H2 . 212395943400
4 ¥20 i 168051094-00
) N2 . 026618544-03
6 o] 21804528201 .
7 OH . 19659553501 s
8 02 $39461081-01
I0NE 8 2
$55535$35%% CURRENT EXECUTION TIME TH]S CASE = 0384 ¢MIN) S$55S8553S
REACTIONS 0-H MAY 3-4 3972 JANNAF PSWG
H ¢ O = H20 » AB7,5E23 ¢ N22.6 » 8z00s (AR} NOs &
0 ¢ H z OH » A%4,0EL8 » N=i. » B820.¢ ¢CAR) NO. 2
0Q+0 = 02 e A23,2847 ¢ N=1. s B30s0 (AR) NO. 3
H+H = H2 s A=6,4E17 ¢ N=i» » B8=0e¢» : (AR) NOo 6
END TBR REAX .
HZ2 + 0 = H # H20 » As2,19E13s N20. 35,15, BAULCH NG« 21
OH # OH = 0 ¢ H20 A=5.75E42s N=0- » 82,7800 BAULCH NO. 22
H+OH = 0¢&HKHZ » AS7.33E12¢ N=2D. » 327,300 . BAULCH NO. 23
0+ 0H =H®* Q2 s AZ1,3E13 2 N=0. s+ B80.» BAULCH - NO. 25
LAST REAX
INERTS N2:AR,END .
THIRD BODY REAX RATE RATIOS ) .

SPECIES ARsi1.slsslnslon

SPECIES H205¢l5905-§94ol

SPECIES H20,204250.25,020.
SPECIES 02:5.45¢14+5,1:5.
SPECIES N2|40049049p1050
SPECIES H:12.5,42.5,22,5:254
SPECIES 0'1205'1205’12-5,25.-'
SPECIES OFs32+5:12:5,12:5125,49
LAST CARD |



Ll=L

THIRD BODY
THIRD BODY
THIRD BODY

THIRD BODY

SPECIES TABLE

ZONE = 2

(OBTAINED FROM REACTIONS)

o WM > U NP

REACTION 1 A=
REACTANTS
PRODUCTS

REACTION 2 4=
REACTANTS
PRODUCTS

REACTION 3 A=
REACTANTS
PRODUCTS

REACTION 4 A=
: REACTANTS
PRODUCTS

REACTION 5 A=
REACTANTS
PRODUCTS

REACTION 6 A=
REACTANTS
PRODUCTS

CREACTION 7 A=

REACTANTS
PRODUCTS

REACTION 8 A=

Do ACTANMYC

OH
H20
0
02
'HZ

REAGTION TABLE.

ZONE = 2

+7300000+24

H .

H2O
+4000000+19

oH
+1200000+18

02
16400000418

H .

H2

+3190000+14
H2 +
H +

+5750000413
OH +

0 .

+7330000+13
[}
0 +
+1300000+14
n

8o
Oﬂ

8«
OH
H20

Bs
OH
H20

B
o}
K2

Bx

s

+0000000
,ododooo
0000000
0000000
-5150600+oi
+7800000-00

+7300000+0¢

' .0000000

N®

NS

N'

N3

N® .

N®

NZ*

+2600000+01
+1000000+01
,1000000+01
.1000000+01
.ooooboo'
.0000000
. 0000000

.0000000



81~

110000401
112500+02

+10000+01
112500402

110000+01
¢12500+02

110000401
125000402

1.
z.
3
4
5
6
7
8

It

SELECTED SPECIES FOR KINETIC =~PANSION

AR

H2
H20 -
N2

O
02

I0NE = 2

+19335328~02
139228033-01
¢12395943+00
16805109400
,26618544~03
218045262~01
096595515-01
+39461061-01

INERT SPECIES

INERT SPECIES

DISSOCIATION RECOMBINATION REACTION RATE RATIOS

.12500+02

+50000+04

+12500+02
+50000+01

012300+02
+45000+04

+23000+02
145000+01

$555555888 CURRENT EXECUTION TIME THIS CASE =

ZONE =

150000401
» 50000401
»50000+402

140000+01

2
, 20000402

+20000+01
50000402

. 20000402

0846 (MINT SE33STSSSS

.40000+04
+40000+04
140000404

+15000+01

112500402

112500+02

112500402

128000+02



bl-4

NO.

L A R ¥ R

FLOW PROPERTIES

MACH NUMBER

VELOCITY (FY/SEC)
PRESSLRE (PSIA)
DENSITY (LB/FTJ3)

TEMPERATURE (DEG-R)

ENTHALPY

(gTU/LB)

GAS MCLECULAR WEIGHT
HEAT CAPACITY (BTU/LB-DEG~R)

GAMMA

SPECIES
AR
H2
N2
OH

MASS FRACTION

+48800002~02
+15788121-04
.471111i4~03
+10379286+00

INITIAL CONDITIONS  KINETIC EXPANSION

IONE = 2 O/F = 8,0000
NOZZLE GEOMETRY
+19700044~00 THROAT RADIUS (FT)
194876215403 THROAT WALL RADIUS DNSTREAM
127844690403 CONE ANGLE (DEG)
166759533-01 EXPANSION RATIOQ
161515340404 CONTRACTION RATIO
«,385653061+03 INLET ANGLE (DEG)
¢15824025+02 INLET wALL RADIUS
175244716-00 THROAT WALL RADIUS UPSTREAM
+12002830+01

CHEM]CAL COMPOSITION

MOLE FRACTION  NO, SPECIES MASS FRACTION
11933832702 2 .M 2498143502
412395943400 4 W20 _ 7745524600
+26618544-03 6 0 y .18240663-01
19659553401 8 o2 | V7977667301

116666667-00
+10000000+04
115000000402
,00000000
129997544404
130000000402
,20000000+01
»10000000+04

MOLE FRACTION

+39228033-04
+68051094~00
11804528204
¢39461081~04
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12-4

20NE= - 3

SPECIES BEING CONSIDERED IN THIS SYSTEM
L. 5766 AR o 9765 H
J 6762 0 J 366 OH

oF = 5,000000
EFFECTIVE FUEL

ENTHALPY HPP(2)
{KG-MOL)(CEG K)/KG -,53769264+03
KG=-ATOMS/KG o , BOP(1+2)
H : ,99209302~00
0 .00000000
N ,£0000000
AR ,0000000¢
PT H 0 N AR

i .90551 -17l280 "170139 "25'969

-2 =9,742 ~-17,785 =-17.294 =~26.372

PC/PT= 1,739709 T = 2989.48

2 ~9,743 =17,756 ~17.295 ~-24.373
PC/PT= 1.742976 T = 2988.83

3 9,587 =-17,296 =~=17.145 23,984
-9.588 =17.299 =17.146 =23.988
-9,588 ~17,299 -17.146 <=25.986
-9,588 =17.299 =17.144 =25.986
-10.159 -19.663 =17.696 ~27.466
-10.147 =19.584 ~-17.684 =27.433
-10.147 ~19.584 =-17.684 =27.432
~10.395 =21.645 =17.,919 =23,133
-10.383 -21.517 =-17.907 -2%,097
’10.38.5 -210516 -171907 “280097
-10c659 ’25-108 '18.162 '2”.098
-10.653 -25.006 =18.156 <=28.879
-10.762 -24,852 ~-18.256 ~29.194
~10.768 =-26.960 =-18.262 =29.212
~10.856 =28.658 =~-18,343 =29,463
-10,850 ~28.531 =-18.338 - =29.445
-101907 '29.7}5 ‘180391 -29'605
~10.914 =29.870 ~-18.397 <-29.626

COPO®NNOON UV AL BUUWU

10,000 .

4,000

2.000

4,030

2,000

2,000
1.000
5.000
3,000
1,000
4,000
3,000
-1.0Q0
4,000
2,000
3,000
1.000
5.010

2,000
1.00q

J /61 H2Z

J. 9765 02

EFFECTIVE Oy IDANT

HPP(1)
-,48698226%02

BOP(l:1)
+000000C0
.6212608¢-01
. 378359034-04
»13742866~03

J 3/61 H20 J $/765

MIXTURE
HSUBO

=,13019729+03

BOC1)
+16534884~00
151771732-01
+31532528-04
«11452388-03 N

N2
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(X 2 A

N2

PC = 270.0 PS]A
CHEMICAL FORMULA
FUEL H 2.,00000

OXIDANT 0 2.000Q00
OXIDANT N 2.00000
OXIDANT AR 1.,00000

o/F=  ,5000+0% PERCENT FUELs 0000

CHAMBER
PC/P 1.0000
P, PS1A 270.0
T, DEG R 5728
He. BTU/LB -465.7
S, BTU/Z(LLBX(R? 4,8515
DEN (LBM/FT3) +513~02
M: MOL WT 11.684
CP»BTU/(LBI(R) - 19751
GAMMA (S) 1.2113
SON VEL,FT/SEC 5433.4
MACH NUMBER +0000
AEZAT
CSTARs FT/SEC
¢
IVAC.LBF=-SEC/L
1. LBF-SEC/LBM
MOLE FRACTIONS
AR g00134
100018
AR © +Q01338
N2 . 000184

(

THECRETICAL, ROCKET PERFORMANCE ASSUMING FROZEN COMPOSITION DURING- EXPANSION

THROAT
1.7814
154.6
5375
~1000.6

4.8515

«319~01

141,684

+ 9587
1,2157
5173.8
1,0000

1.0000
7582
,682

293.4
160.8

oOX ©OX

EX1T
41,0249
263 .4
5703
w489,6
4,8515
0503‘01

11,684

19745
1.2114
5422,2

v2017

33,0000
7582
1144

723,8
34,0

EXIT
8.,5452
31,60
3887
'220205
4.8515
,885-02

11.684

19043
1:2316
4513.8
2.0653

2,0000
7582
1:230
344,9
289.8

«03712
+00145

1037123
1001451

_ EQUIVALENCE RATIO=

EXIT
24,448
11.06
3176
«2831.5
4,8515

1379’02

11.684

+8610
1.2462
4103.6
2.,6514

4,0000
7582
1.435
376.8
338,2

H2
OH

H2
OH.

WT FRACTION
(SEE NOTE)
1.00000
199398
.00053
00549

«1597+401 STOI!C MIXTURE RAT]O® ,0000

EXIT EXIT EXIT
89,354 *156.72 233.07
3,022 1.723 1,458
2436 2158 1977
‘=3447,9 <3667.2 ~=3306,7
4.8515 4,8515 4.8515
+135-02 +869-03 ,638~03
11,684 11.684 11,684
+8031 7774 7594
1.2687 1.2800 1.,2886
3626,3 3428.,7 3292.4
3.3687 3.6914 3.9272
10,000 15.000 20,000
7582 7582 7582
1,611 1.669 1,705
406,1 416.0 422.1
379.,7 393.4 401,9
1357414 H20
102315 02 -
357410 K20
1023148 02

ENTHALPY STATE
CaL/MoL
-2154'000'
=3102.000
«2939.000
~-2607.,000

[l ot ol

EXIT
' 316.93
18519
1844
.3?06'5
4,8545
0503‘03

11,684

17455
1.,2956
3188,6
4,1152

25,000
7582
1,731
426,4
407,8

+57840
00054

+ 578402
«000944

TEMP

" DEG K

20.27
90,48
77.35
$0.00

DENSiTY
G/Cc
10709
1.1490
35080
*+0000

DENSITYs ,0000

ADOITIONAL PRODUCTS WHICH WERE CONSfDERED BUT WHOSE MOLE FRACTIONS WERE LESS THAN ,0000003 FOR ALL ASSIGNED CONDJTIONS



O

EQUILIBRIUM CONTRACTION CONDITIONS ZONE 3

TEMPERATURE (DEGR)

PRESSURE (Psial

VELOCITY (FT/8)
SPECIES MCLE FRACTIONS

NS ULNP

I0NE = 3

AR
H
M2
H2¢Q
N2
0
CH
02

187327937404
226367943403
4107324567404

0133866396-02
1 36728753-0%
2 3575058600
187911071-~00
:18429185-03
114143899-02
+22792512-01

+92083946~03.

§55558555S CURRENT EXECUTION TIME THIS CASE =

REACTIONS O-H MAY 3~4 1972
W+ OH = H20 o A27.3E23
g ¢+ H s OH s AS4,Q0E18 »
0+0 = 02 s A%1,2E17 o
H+H = H2 » A26.4EL7

END TBR REAX
H2 + O = H & H20 A=2.49E13,
OH ¢+ OH = O & W20 » As5.75E12y
H+OH =0 ¢ HKH2 » AS7.33E12
0+ 04 = KR + 02 s A=1.3EL1D ¢

LAST REAX )

INERTS N2 AR,END

THIRD BODY REAX RATE RATIOS
SPECIES AR»L.ols0dosdor
SPECIES H2:540550505400
SPECIES H20020c35935.92090
SPECIES 0215:25404:5,1.5,
SPELCIES N2|4.04g04991059

SPECIES H.12,

5:42:9:12:5:1254 9

SPECIES 0012.5112:5,12:59254
SPECIES OH»12+513215,12.5:25,¢

LAST CARD

JANNAF: PSWE

Ne2:6 » 32000
N=io e B=0ep

NEde o A2000
Nz=Le. 5 3200es
Nz0e » 833.15»
Ns0. s 33,7808
Nz » B=7o3009
NxQ0e 2 8209

,714 (MIN) SSSSSSSESS

(AR)
CAR)
(AR)
(AR)

BAULCH
BAULCH
BAULCH
BAULCH

NO.
NO.
NO.
NO.

NO+
NG,
NO.
NQ.

o LIN -

21
22
23
25

e



§2-4

THIRD BOOY

THIRD BODY

THIRD BODY

THIRD B80ODY

{OBTAINED FROM REACTIONS)

REACTION 1 As
’ REACTANTS
PRODUCTS

REACTION 2 A=

: REACTANTS

PRODUCTS

REACTION 3 A=
REACTANTS
PRODUCTS

REACTION 4 A=
REACTANTS
PRODUCTS

REACTION 5 A=
REACTANTS
- PRODUCTS

REACTION 6 A=

REACTANTS .

PRODUCTS

REACTION 7 Az
' REACTANTS
PRODUCTS

REACTION 8 A3

~AATIMTE

o W > w N

SPECIES TABLE

ZONE = 3

OH

H20
0
02

K2

" REACTION TABLE:

20NE 3 3

. 7500000*2‘
] 'Y
H20
»4000000+19
0 *
(s], ]
0.1200000‘18
02

+6400000+18

‘R ¢

H2

.2190000+34
H2 ¢
H +

15750000413
OR *

. «7330000+13

H +
0 'Y

+1300000+14

g=
OH

Be
QH
H20

Ba

. oM
0 +

H20

B=
ok
He

B2

A

+0000000

0000000

0000000

.0000000

+5130000+04

+7800000-00
+7300000+01

10000000

N®

N®
N®
NE
NE
N8
N®

Nﬂ

,2600000+01
1000000401
,1000000401
,4000000+01
.pbooooq
.0000000
10000000

+0000000



20400062°

200062714

20+0062%°

20+00621¢

10+000g7T"*

10400009

10+0000%°

10+0000%*

$SSSSSSSSS (NIW) ovee

20+00002° 10400009 °
10+0000G° $0+00006°
t0+0000g" $0+00006° B
20+00002° 10+0000g"’

¢ = 3NOZ

$0+000%1"
20+00082°

10+000GH*
20+00¢g27"°

10+0000%°
20+00627°

10+0000¢*
20400¢23°

SOIvy 34YY MOIAOVIH NOTLYNIBNOI3Y NOTLY1008810
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. 1040000t}

20+00¢214
10+0000T* -

20+00¢2%?
$0+0000%¢

20+00¢21*
10+0000%°

€0-5p6£9026* 20 ]

. T0-2Tg26422° Ho L

20-668EP3¥T¢ 0 9

§3193dS LY3INI £0-69162y07" 2N 3
00-T£0T%826° DEH b

00-99669Ls:° ZH <

T0-£5,02£9€¢ H 2

$3193dS 1u3Nt 20-56999¢CT 7 T

€ s 3NOZ

NOISNVdx3 D1M3NIN ¥04 $31034S Q3103738
. ‘\\\‘



LT~L

-

NO,

NV w e

FLOW PROPERTIES

MAGCH NUMBER

VELOCITY (FT/SEC)
PRESSLRE (PGIA)
DENSITY (LB/FT3)

TEMPERATURE (DEG-R)

ENTHALPY

(BTU/LB)

GAS MCLECULAR WEJGHT
HEAT CAPACITY {BTU/LB~DEG=R)

GAMMA

SPECIES
AR
W2
N2
OH

MASS FRACTION

14575003202
+61657878-0%
144166693~03
+33162884-04

INITIAL CONDITIONS
JZONE * 3

¢19782266-00
110732467404

126367943403

+50272748~01
057127937404
-y 48573585"03
+11488992+02
- +97479801-00
v12112551+01

CHEMICAL COMPOSITION
NO,

MOLE FRACTION
(1338669602
+35750987~00
11842918503
12279251201

o O K N

KINETIC EXPANSION
Q/F s

NOZZLE GEOMETRY

THROAT RADIUS (FT)

THROAT WALL RADIUS DNSTREAM

CONE ANGLE (DEG)
EXPANSION RATIOQ
CONTRACTION RATIO
INLET ANGLE (DEG)
INLET wALL RADIUS

~ THROAT WallL RADIUS UPSTREAM

SPECIES

H
#H20
]
02

MASS FRACTION

»31672094~02
+89253861~00

»25208126-02

016666667-00
«10000000+0¢
«15000000+02
.00000000

+30003832+04
+30000000+02
120000000+0¢
«10000000+0¢

MOLE FRACTION

136728753~01
\87911072-00
11414390002
19208394703



NO,

by
3
5
?

THROAT CONDITIONS

i

KINETIL
Q/F =

.PANSION
5,0000

PERFORMANCE PARAMETERS

VACUUM “HRUST COEFFICIENT )
VACUUM SPECIFIC IMPULSE (SEC)
CHARACTERISTIC VELOCITY (FT/SEC)

INTEGRA™ION PARAMETERS

STEP sl.E

AXTAL POSITION
PERCENT ENTHALPY CHANGE
PERCENT MaSS FRACTION CHANGE

CHEMICAL COMPOSITION

ZONE & 3
FLOW PROPERTES
MACH NUMBER 297663952-00
PRESSURE (PS14) 115470990403
VELOCITY (FT/SEC) 051164334+04
DENSITY (LB/FT3) +31646448~01
TEMPERATURE (DEG=R)} +53741871+04
ENTHALPY (BTUsLB) =,96882812+03
GAS MCLECULAR WE[GHT 141796355402
HEAT CAPACITY(BTU/LB-DEG) 196469972-00
GAMMA : e12115848+401
SPEGIES MASS FRACTICN  MOLE FRACTION
AR 14575003202 013509424-02 °
K2 +61507557=01 +35%%0787=00
N2 14416669303 018598141~03
oW +15562390~04

v2243742404

NO,
2

4
6
8

.

SPECIES

H
rdy]
0
o2

MASS FRACTION

.24229882+02
9062126100
.10259770+02
113754269~02

112352593+04
+129661430+03
v 77257209+04

149999999-02
»00000000

+86906098-02
+13709068+-03

MOLE FRACTION

128355947+-01
+59337344~00
+75643984-0)
«50704244-03
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1e-4

-

1.0082168
1.0085553
1.0089003
1.0092322
1.00964109
1.,0099763
1.0103486
1.0107277
1.0111435
1.0115061
1.,0119355
1.0123117
1.0127246
1.0131443
1.,0435707
1.01400490
1.0144439
1.0148907
1.,0153442
1.0158044
1.0462714
1.014745%
1.0172255
1.0177427
10482067
1.0187Q073
1.0192147
1.0197288
1.0202496
1.0207772
1.0213114
1.0218%24
1.0224001

1.0229544"

1.0235155%
1.0240832
1.,0246577
1.0252388
1.0258266
1.0264211
1.0270222
1.0276301
1.0282446
1.0288657
1.0294935
1.0301280
1.0307691
1.0314168
1.0320712
1.,0327322
1.,033299¢

T 1.0340742

1.434213¢6
+0000000

11279301
1305262
1331213
+1357156
21383069
11409012
11434926
1460830
011485724
11512608
115384061
11564344
11590497
14646238
1641868
11667687
01693495
11719293
+1745Q75
11770847
17946697
11822358
1848097
' 1873813
«1899522
1925219
9195090}
1974573
12002230
2027872
2053501
12079116
2104717
¢2139303
23155875
12181432
«2204974
12232504
12251012
12283508
v 2308988
02334453
2335902
2385334
2410750
12436349
12461532
12486898
29312247

+12537579

12562893
12583191
1,6775185
,0009000

7127500
7.42494
7.,574%4
7.72498
7.,87508
8,02490
8.17511
8.32505
8,4747
8,62509
8,77520
B8,92472
9,07526

©9,22491

2.37495

9,52503

9,67487

9,82509

9.97505
10,12509
10.,27487
10,42504
10,57496
10.,724%4
10,87500
11.02514
11,17502
41.32499
11.,475302
11.62433
11.77501
11.92496
12.07499
12,22511
12,37497
12,52493
12,67498
12.82509
42,97498
13,1249%6

"43,27502

13,42486
13,57509
13,72510
13,87489
14,02508
14,17505
14,32479
14,47495
14,62520
$4,77491
14,92488
15,00000



Ge™4L

\\

P{PSIA)

013084*03
«313084+03
»13084+03
¢13084+03
013084+03
+13084+03
¢13284+03
»13084+03
«130844C3
© 413084403
13784403
«13084+03

013084‘03 :
«130844+03 -

13084403
013084+03
213084+03
013084*03
233084+03

+13084+03

013084+03
+13084403
013584003
+13084+03
.13084+03
+13084+03
«13084+03
«13084-03
a13384‘03
013084403
013084403
013054*03
.13084+03
013084+03
+13084+03
13084403
¢13084+03
«13284+03
v13084+03
013084’03
013084’03
013084403
013084403
+13084+03
113084403
+13084+03
.13084+03
+13084+03
«13084+03
+13084+03
013084+03
+13084+03
+13084+03
«13284+03
+13084+03
«13084+03
.137084-03

A ~

RHO(LBM/FTS)

«27380-0%
«27380~-0%
.27380-04
227380-04%
«27380-04
,27380~01
2738004

027380'01'

v27380~04
n27330'01
,27380~01
927350'01
v27380-01
(27380-01
«27380-01
.27380-04

,27380-01°

127380-0%¢
034088“01
034086'01
034088'01
»34088-01
»34088~-01
034085“01
,34088-01
+34088-04
«34C88-03%
«34088-0%
034085'01
,34088-01
3408801

.+ 34088-0%

334088’01
u34085'01
.34080-0%

'034088’01

1 30637=-0%
2 30637-0%
+30637-0%
v30637“01
«20637~01
2 30637-01
»30637-01
2 30637-01
« 3063704
+30637-03
.30637-01
43063704
W 30637-01
030637"01
30637~01
2 30637~01
u3“637'0i
.30637-01
3063704
»30€637-01
3063701

TNLTT 4

THETA(DEG)

=,42635-04
13071100
:60382-00
.85999'00
011660+04
114324+01
116880+01
119343401
$21708+01
323976401y
1261524014
028234+01
¢ 30227404
132128404
¢ 339434014
1 35670+01
137313401
$ 59383401
0 39383+01
+3R093401
«39043+04
2 39923+40¢
40735401
1 41480+01
0 42158+01
42774404
143321404
1 43807+014
s 44232401
144597404
1 44902+40¢
1645194+01
045430401
45566401
+45933+01
145357404
¢ 45357404
43533404
:42800+01%
141930401
140928+01
+ 39801401
3855440
2 37194404
« 35725+0¢
v 341544+01¢
¢ 32487401
30730401
2RBB9+01
269694014
024977401
1 22919+01
+20800+01
»18626+01
1 46404+01
014139+04
031839+01

QGeEMI.NA

VEL(FT/SEC)

58043404
»58043+04
58043404
+58043+04
,58043+04
»58043+04
+58043+04
+58043+04
58043404

- +58043+04

«58043+C4
«58043+04
«58043+04
+58043+04
258043404
«58043+04

+58043+04

158043404
153768+04
153768+04
«53768+04
953763*04
53768404
«533768+04
53768404
«S376R+04
s53768+04
+53768+04
+53768404
e 53768+04
«53768+04

" 953768404

53768404
\53768+04
«53768+04
053768404
»58693+04
.58693+04
,58693+04
.58693+04
.58693+04
58653404

"¢58693+04

« 58693104
1 58693+04
+58693+04
058693+04

. +58693+04

.568693+04
+58693+04
+58693+04
0586373404
+58693+04
«58693%04
«58693%04
0 58693+04
«98693+04
~BRE3I¢04

R
+10000+02
+98813~00
«97627-00

++96440-00

095253'00
+94067-00
«32880-00
+91694-00
+90507~00
+89320~00
+88134r00
086947"00
+85760-00
+84574-00
083:87'00
+82201-00
+81014-00
«79425-00
¢ 79425-00
«78641-00
«77454-00
076267“00
+75081-00

" .73894-00

072708"00
«71521-00
«70334-00
+69148-00
+87961-00
«66/74-00
0 65588~00
16416400
+62455-00
+60405~00
«58167-00

" +56233-00

+56233-00
+53693-00
051455'00
049219'00
146981-00
144744+00
o42507'00
+40272-00
+ 36863500
«35795-00
«33558-00
031321”00
«29084-00
«26847-00
0 24609-00
«22372-00
«20135-00
»17698-00
¢15660-00
«13423-00
+11186+00
JA9488+-01

X

» 00000

«67255=02
+13534-01
1 20423-01
12739101
»34438-01
, 4156001
v48756'01
056024'01
6336101
«70767-0%
|78238“01
.85773-0¢
193369-01
+101p2+00
+10874+00
»11650+00
«12700~00
+12700-00
013304'00
014222’00
«.15144-00
+16068~-00
s16995'00
117925’00
018857'00
«19794~00
+20726-00
2 21664-00
022603’00
.23543-00
«24672-00
«26029-00
«27657+00
029434’D0
¢30969-00

©+3096%9-00

+33155~00
+35074-00
+36610~00
«3765%9~00
»38660-00
939612”00
140515-00

,41369-00

042175"90
042931*00

,43639+-00

+44298-00
+44%908-00
.45470-00
v45982'00
«46446-00
+46B861-00
047227‘00
+47544-00
.47813-00
+48033-00

" MASS FLOW RATE

00000

«32768~00
.65242~-00
«97418-00
0 42929+01
16086401
«19212+01
+223056+08
0 25368+01
0 28398+01
31395401
+34359+04
v 37290401

1401356404

«43049+04
+45876+01
+48669+01
«52353+01
.52353+01
154434401
»57544+014
«60611+01
«63633+04
+66612+08
169546+04
¢ 72435404
75279404
278077+04
.80829+01¢
83536+0%
86195404
089326401
0 92992+014
197263401
110176402
»10551+02
«10551+02
011017402
«11409+C2
+11779+02
12128402
012459+02
¢ 12774402
«13071+02
113352+02

13617402

+13865+02
0 140%6+02°
,14311+402
+14510+02
¢14692+02
114859+02
015009+02
+15143+¢02

115262+02
115364+02
¢ 15451+02
115521+02




,13084+03 ,30637-01 ,47780-00 58693404 4474401 ,48325-00
+13084+03 +30637-03 1 23920-00 158693404 \22372-01. ,48399+00
+13084+03 3063701 «11964+00 158693404 +11186-01 +148417-00
+13084+03 .30637~01 »00000 «58693+04 .00000 ,48423-00
MASS FLOW RATE (LB/SEC) = .156472+02 CSTAR (FT/SEL) »  ,697656+04
LRC 10 R X ' MACH THETA T (DEG.R) P (Psl} DENSITY VELOCITY CF
AR H W2 H20 N2 : 0
c2 :
AA B8 GAMMA CP(BTU/LB) SUM CleHl Ves2/2

0 1% 1.00000 ,00000 4.12%  =.000 265,15 130,838 ,27380~-01  5804.34 1.297)
,4575003-02 0221683702 «6148966-01 +9097058-00 ,4416669-03 «8274870-03
1120219-02
:4959466'01 -.6794870-0% +1211900+01 .961179g~00 ~=,2849886+08 11684518408

LRC 1D R X MACK THETA T (DEG.R) P (P§l)  DENSITY VELOCITY CF
AR M H2 H20 Ng 0
c2 _
AA B8 GAMMA CP(BTU/LB) §UM CleHl Vae2/2

1 01 .98813 00673 1,124 +307 5265.15 130,838 ,27380~01  5804.,34 .0000
.4575003-02 .2216857~02 1614896601 +9097058-00 +4416669-03 8274670-03

1120219-02
Li99486-01 - =.6794869-01 1211900401  .9611790-00  =,2849886+08 ,1684518+08
1 5 t.cooo8 ,01284  1.137 .736 5250,88 128,167 - ,26900-01  5882,38 1.2973
.4575003-02 .2195864-02 +61486684-01 +9100807~00 ,4416669-03 «8076161-03
1095179+02
h :5182319‘01 -, 713874701 11211960401 +9607107~00 ~,2896034+08 11730121+08
. MASS FLOW POINT 1 = ¢32724=00  ARZA RATIQ = 14000404
e ) .
LRC 1D R X MACH- THETA T (DEG.R) P (Pgl) DENSITY VELOCITY CF
AR H H2 H20 N2 0
€2 .
- AA B8 . GAMMA CP{BTU/LB) SUM CleMl Ves2/2

2 1 .97627 ,01353 1.12% +604 5265,15 130,838 .27380~-01  5804.,34. .0000

.4575003-02 ,2216857=02 +6148946~01 +9097058+~00 0 4416669-03 +8274670-03
1120219-02 '
:4959466'01 -.6794869-04 +1231900+01 «9611790-00  ~,2B849886+08 11684518408

2 6 - ,98220 ,01013 1.121 +455 5265,15 130,838 ,27380-01 5804.34 ,0000
,4575003~02 .2216857-02 +6148966-04 +9097058~00 ,4416669-03 ,8274670-03
,1120219-02 ' :

2 8 1,0001% ,01936  1.146  4.109 5243,44 126,788 ,26652-01 5922.80 1.2%974
.4575003~-02 .2184920~02 «6148557~01 +9402733~00 ,A416669-03 ¢ 7975611-03
,10A82368-02
,5408182-01  =,7417861-01 +1211992401 ,9604655~00 - ~,2920040+08 11753977408

2 5 1.,00034 ,02589  1.155  1.484 5236,04 125,417 ,26405-01  5963.11 1.2974
,4575003~02 .2173673-02 +6148440-01 +9104690~00 +4416669-03 1 7872861-03
,5917219-04  ~.7564045-01 11212023401 ,9602204~00 =~,2944089+08 v1777933408

MASS FLOW POINT 3 = +65144=00 ARZA RATIO = 11001404
LRC 1D R X MACH THETA T (DEG.R) P (Psl)  DENSITY VELOCITY CF
AR H N2 . H20 NZ o .
AA BB GAMMA CP{(BTU/LB) SUM CleH] Van2/,2
31 LI6440 .02042 1,121 ,899 5265.15 130.839 ,27380-01 5804.34  .0000
{ .45°5003~-02 ,2216887-02 6148966~01 «909705a-00 . 441666903 ,8274670-03

115616+02
115639¢02
115645402
015647*02

1sP 17
OH

1~SUM C( 1)
281,297 O
11962187-01

11445413~05

18P T
OH

1-SUM C(1)

Qa0 0
+1962187-04

+1445413-05
281.314 3
01931566-04

11460314-05

ISP 17T
O :

1-sum €D
+000 0O
+1962187~-01

+1445413-~05
000 O
11962187-01

281,336 3
+1915815~0%

01460314”05
281,366 3
11899819-01

01460314'05

Isp 1T
OH

1-SUM C(1)
.000 0

+1962187-01

ZONE

20NE

20NE

ZONE



,4575003-02  .2149925-02  +56148207-01 ,9108800-00  (4416668-03  +7637463-03

104190402
:5604044‘01 «.7710132~04 +1212089+01 ,9597039-00  «,2994585+08 +1828022+08
MASS FLOW PQINT 4 3 + 97244700 AREA RATIO = +40012404
LRC 1D R X MACK  THETA T (DEG.R) P (PsI? DENSITY VELOCITY CF
AR H. H2 H20 NZ 0
c2
AA 88 GAMMA CP(BTU/LB) SUM CleHl Vae2/2
4 3 +95253 ,02739 1,121 1.166 526%,15 130,839 . ,27380-01 580434 » 00900

,4575003~02 .2216887-02 +6148966-01 ,9097058-00  ,4416669-03 +8274670-~03
.1122219-02

©,4959466-01  -.6794869-01 +1211%00%01 .961179¢~00  ~,2849886+08 11684516+08

4 5 1.00139 ,05268 1,191 3.020 5204,26 119.7C4 ,25370-01  6132.17 1.2983

,4575003+02 .2125229~02 +6147994-04 +9113032-00 14416669-03 17438207-03
,1013857-02

.5735854=04 -,7885955~01 +1212160+01 1959160800 -,3047185+06 .1880175+08

MASS FLOW POINT 5 ] +12%06+04¢ AREA RATIO = +1C03+401 .

LRC 1D R X MACH THETA T (GEG-R) P (Psl} DENSITY VELOCITY cF
AR - H H2 H20 N2 0
c2

AA BB GAMMA CP(BTU/LB) suUM CleH] Vee2/2

5 1 .94067 ,03444  1.121 $.432 5265,415 130.838 ,27380~01 5804.34 . 0000
,4975003-p2 .2214887-02 +6148966-01 ,9097058-00 - ,4416669-03 , 827467003
(1123219-02
,4959466-01 =.6794869-01 11211900401 ,961179p-90  ~,2849886+08 ,1684518+08

5 % 1,0022% ,06640 1.210 3,807 5387,30 116,763 ,24835-01  6220,09 1.,2993
.4575032-02 .2099679~02 1614779501 ,9117382-00 LA416669-03 ,7215401-03
,9852482-03 _
.59341/2-04 ~.8013842-04 11212235404 ,9585901-00 - ~.3101903+08 21934474408

MASS FLOW PCINT 6 s 116036404 AREA RATIO = +1004+08

LRC 0 R X - MACK THZTA T (DEG.R) P (Psl) DENSITY VELOCITY CF
AR H : 2 H20 N2 o .
€2

AA © BB GaMMA CPIBTU/LE) SUM ClaH] Vae2/2
6 1 ,92880 ,04156 1,121 1.688 5265.15 130,829 ,27380-04 5804.34  .0000
.4575003-85 .2216887-02 +6148966-01 +9097058~00 ,4416669-03 ,8274670-03
.1120219~ ‘
,4959456-01  =,6794869-01 ¢1211900+01 .96117%p-00 ~,2849886+08 11684518408
6 %5 1.00323 ,08035 1.230  4.608 5169,56 113,7¢6 ,24288-01  6310.31 1s300%
,4575003-02 ,2073398~02  .6147505-04 +9121837-00 ,4416669-03 (6989225-03

,9562339-03

.5909494-0%  -.8107806-0% »1212317+01 .,9579898-30 -,3158827+08 = .1991001+08
MASS FLOW POINT 7 = ,19474404  AREA RATIO = 41036404 |
LRC ID R X MACH THETA T (DEG.R) P (PSI)  DENSITY VELOCITY CF

AR H M2 H20 N2 0

c2

AA B8 GAMMA . CR(BTU/LE) SUM CleH] Vaa2/2
7T 1 91654 ,04876 1.131 14934 5265.15 130.833 ,27380-01 5804.34 +3000
+4575003-02 1221685702 16148966-01 « 909705820 ,4416669-03 +8274670~03

,1120219-02 :

,4959466-01 ~.6794869-01 01211900401 .961179¢-30 -,2849886+08 +1684518+08
7 8  1,.:0448 ,09454  1.251% 5,425 5150.99  110.7.7 .23730-01  6402.86 1.3012

,4575G33-02 .2046488-02 .6147424~01 . 0912638830 ,4416669-03 - 06761471-03

+92¢9371-03

P P AMaN ML aM

08 7T%47.-10 «.3218038+08 12049833+08

11866221-01
11475245-05

18:14 1T
OH

1-5UM 41D
000 0
1196218701

11445413-05
284,573 3
+1831586-01

+1475215-05

1spP 17
OH

1~SUM C(1)
000 O
+1962187-04

01445413~03
281,729 3
179593301

21475215-05

1sp 1T
oH

1-~5U4 C(D)
000 O
11962187~-01

+1445413-05
281,919 3
+1759355-01

,1475215-05
1sp 1T
OH
1-sUM (1)
,000 0
196218701
,1445413-05
282,145 3
,1721927-01

¢1490116~-35

ZONE

ZONE

ZONE

ZONE



Sv=L

LRC 1D R
AR

c2
AA

+ 90507
.4575003-02
01120219'02
495946603
1.,00596
.4575003-02
1 8974636-03
599660703
MASS FLOW POINT

LRC 10 R
AR
c2
AA

189320
.4575003-02
«1120219-02
495946603
1.00768
«4575003-02
,8679109-03
16013955-01

6 1

9 1

MASS FLOW POINT 40

LRC 1D R
AR
c2
AA
08134
, 457500302
11120219-02

- 10 1

495946801

1.00968
,4575003~02
,8533744-03
,6015627~01

10 5

MASS FLOW PCINT 11

LRC 10 R
AR
c2
AA

11 1 66947

|4b75003'°2v

+1120219-02
+4959466-01
1.01191
«4575003-02
,8085397-03
,63°0562-01

11 5

| MASS FLOW PRINT 12

9

~.8175332-01
= 134270401

THETA T (DEG.R) P (Pgl)

MACH
H H2 H20
B8 GAMMA CP(BTY/LB)
,05602 1.124°  2.171 265,15  130.838
.2216857~02 +6148966-01 +90%97058~00
-,6794869-01 +1211900+01 "v9611790-00
,10898 1.272 4,256 5431.53 107,618
.2019029-02 . 6147242-01 «9131026-90
-.8206749-04 «1212502+01 +9566888~00
2 125342401 AREA RATIO = +1012+01
MACH YHETA T (DEG.R) P (PsD)
H H2 H20
BB GAMMA CP(BTU/LB)
06336 1.121 24398 5265,45 130,839
.2216837~023° 16148966~01 «9097058~00
-.6794869~01 1211900401  .9611790-00
,12368 1.294 7,105 5111.10 104,470
+1991100-02 16147063-04 «9135744-00
-.8219126-01 +1212608+01 ,9559839~00
8 1283324014 AREA RATIO s +1015401
. MACH THETA T (DEG.R) P (PsD)
H H2 K20
B8 GAMMA CP(BTU/LB)
.07077 1.121  2.615 5265,15 130,839
,2216857-02 1634806601 +90%97058-30
~-,6794869~03 +1211900404 +9611790-00
,13865  1.3186  7.970 5089,66 101,277
.1962784-02 1614688501 +9140532-00
~,8208958~01% 11212724401 9552367-00
z 313184014  ARZA RATIO = +1019+0%
MACH  THETA T (DEG.R) P (Psl)
H H2 - H20.
BB GAMMA CP(BTU/LB)
,07824  1.12% 2.823 5265,15 130.838
.2216857-02 «6148965-01 +9027058~00
-.6794869-01 41211900401 961179000
15390 1.33%9  8.853 5067.12 98,39
,1934164-02 «6146706-01 19145382-00

11212850401
ARZA RATIOQ =

+9544462-00

—e - P N N .

SUM Cle*Hl
©27380-04
«4416669+-03

i1-5UuM C{1

18274670~03 +1962187-01

-,2849886+08
72316101
,4416669-03

+11684518+08
6497,82 1.3024
+6532590-03

11445413'05
262,405 3

.1683705-01
~,3279652+08

¢2111080+08 1149011605

sUM CleHl
027380'01
,441666%9-03

1-sUM C(1)

,8274670-03 11962187-04
+1445413-05

282,700 3
11644749-01

-,2849886+08
,22580-01
,4416669-03

116845108+Q8
6595,23 1.3037

+6303289-03
-, 3343777408

12174850408 +1475213-05

SUM CleN]
,27380-01
4416669-03

1-SUM C(1) .

v8274670-03 +1962487+01

-, 2849886+08
.21990-01
,4416669-03

,1684518+08 «1445413-05
283,030 3
06074274‘03 01605124'01

~,3410513+08 12244245+08 +1490116-05

SUM CleH]
«27380-01
1 4416669-03

1-5UM C(1)

+8274670~03 «1962187-01

w,2849886+08 »16845168+08
6797,65 1.3069
15846188-03

11445413-05
283,395 3
,4416669-03 «1564884-~01

~.3480002+08 +2310405+08 +1475215-05

+10244+01



AA
«85760
.4575003-02
»1120219-02
,4959466-01
1.01446
,4575003-02
. 7796984~-03
285970067-04

12 1

125

MASS FLOW POINT 13

LRC 1D R
AR
c2
AA
13 4 84574

,4575003-02
.1120219-02
0495946601
1.01754
0‘575003'02
.7507390-03
05921423-01

13 5

MASS FLOW POINT 14

LRC 10D R
. AR
c2

AA
283387
,4575003-02
,1120219-02
,4959466-01
1.02049
,4575093-02
,7221550~03
.5855155-04

14 1

14 B

MASS FLOW POINT 15

WRC 1D R
AR
c2
AA
15 1 .B82201
+4575003-02

,1120219-02

+4959466-01
1.02403

«4575003-02

,6940413-03

15 5

.5770935-04
MASS FLOW POINT 16

‘LRC 1D R

. AR

ce

{ ah
6 % 81014

88 GAMMA
,08577 1.12%  3.023 5265,15
02216857'02 061‘8966'01
=,679486901 +1211900+01%
,16943  1.36)  9.755 5043,42
,1905333-023 +6546516-04
-,8119388-04 +1212990+01
P ¢37187401  AREA RATIO =
X MACH THETA T (DEG.R)
H H2
88 : GaMMA
,09337  1.124  3.213 5265,1%
,2216837~-02 16148966~01
=,6794869-01 +1211900+01
,18527  1.388 10.677 5018.47
.10876395-02 «6146319~01
-,8038326~04 11213143401
= ,40070+04  AREA RATIO 3
X MACK « THETA T (DEG.R}
H : W2
88 " GAMMA
,10102  1.421 3.394. 5263.15
221688702 16148966~01%

-, 679486901 .1211900403
,20441  1-4314 11.620 4992.48
,1847463-02 +6146103-0)

~-,7932442~04 01213314+01

z 142917401 ARzA RATIO =

X MACH  THETA T (DEG.R)
H H2 :

B8 _ GAMMA - '
,10874  1.312¢ 3.567 5265,15
.2216857-02 16148966-01

-,6794869-01 ¢1211900+01
,21789  1.441 12,585 4964,46
,1818668~02 ,6145866-01
-,7801186-0% +1213496+01
= 145729401 - ARZA RATIO @
X MACH  THETA T (DEG.R)
H A2
BB GAMMA
L11650 4321 3,733 5265,15

I
[

CP(BTU/LB)  SUM CIeHI Ves2/2

130,838 ,27380-01 5804,34 ,0000
+9097056=-00 ,4416669-03 ,8274670~03
,9611790~00) . =.2849886+08 +1684518+08

94-761 020777'01 6902-84 1-3088
«9150287-00) ,4416669-03 \5619743~03
,9536081~00) =,3552370408 ,2382462+08

«102940%
P (Psi) DENSITY VELOCITY CF
H20 N2 0
CP(BTU/LB) SUM CIsHI Ves2/2

1300838 i27380'01 530‘034 «0000
,9097058~C0) ,4416669-03 «8274670-03
.9611790-0)  ~,2849886+08 +16845168+08

914443 ,20157-01  7010,82 1.3108
9155237-C0 ,4416669-03 +5395510~03
,9527184-00 ~,3627778+08 ,2457577+08
11025408
P (PSI)  DENSITY VELOCITY CF
H20 N2 0
CPIBTU/LB) SUM CleH! Vae2/2

130,838 .27380~01 5804.34 0020
»9097058~C0 ,4416669-03 ,8274670-03
.9611790-C0 ~-,2849886+08 11684518+08

88,089 .19526-01 7424,63 1.3129
09160222-C0 - .,4416669-03 ¢5174290-03
.9517722~00  ~,3706355+08 »2535884+08

01041+04 )

P (Psl) DENSITY VELOCITY CF
H20 , N2 0
CP(BTU/LB) SUM CleH! Vaos2/2

130,836 ,27380-014 5804.34 0000
+9097.058-00 ,4416669-03 .8274670-03
,9611790-00  ~.2849886+08  ,1684518+08

84-704 .18887-01 7235040 193152
,9165232-00 ,4416669-03 ,4956767-03
,9507655-00 =.3788268+08 12617552+08

|1049+01

P (Pgl)  DENSITY VELOGITY CF

H20 N2 0

CPIBTU/LE) SUM Cl*HI Vou2/2
130,838 ,27380-01 5804.34  .0000
e— . e i s s A AmT 22NN

1-8UM C(1)
.000 O
1196248704

+1445413~05
283,794 3
+1524096-01

11490116-05

1spP 1T
OH

1-sUM C(1)
000 0
+1962187-04

+1445413-05
284,228 3
+1482825-01

1149011605

isp 1T
OH

1-symM C(1)
.000 O
11962187-04

11445413-08
284,695 3
11441153-01

+1490116-05
1sP 1T
O
1-SUM C(1)
.000 O
01962187‘01
+1445443-05%
285,196 3
+1399464-01

+1505017-05

1SP I
OH

1-SUM C(1)
000 O

+0&219 87«11

20NE

ZONE

20NE

ZONE



LE-L

16

MASS FLOW POINT

+4959468=01
s 1.,02793

. 4575003~02

,6664873-03

.5667444-01

LRC 1D R

17

17

MASS FLOW POINT 18
LRC 10 R
AR
c2
AA
18 1 179425

18

18

48

18

MASS FLOW POINT

AR
c2
AA
1 «79423
,4575003-02
»1120219-02
«4959466-01
5 1.03385
14575003-02
063C246?’03
+5353787-01

,4880000-~02
«7350011-01
,7636847-01
1 ,7864%
,4880000-02
«7350011-01
,7636847-01
4 79492
,4880000-02
,7339744-01

4 « 79492
.4575003-02
1108666-02
,1704828-01

-3 1.03833
«4575003-02

,6064894-D3
.4868825 01

LRC ID R

19

19

AR
c2
© AA
b ' 77454
,48300C0~-02
+7350014~01
761684703
(] .78047
+4823000-02

17

.1916627-01 .

20

~.6794870-04 1211900401  .9611790-00 ~,2049886+08  ,1684518+08
,23469 1,469 43.974 4935%,22 81,289 ,18240~01  7352,24 1.3177
+1790131-02 +6145599-01 +9170255-00 ,4416669-03 +4743609-03
~,7643233-04 +1213700+01 19496924-00 . ~,3873703+08 12702774408
= 148504401  AREA RATIO = +1057+01
X MACH THETA T (DEG.R) P (Psl)  DENSITY VELOCITY CF
H 42 H20 N2 0
BB GAMMA CP(BTU/LB) SUM Cl#HI Vae2/2
,42700 1.124  3.938 5265,15 130,839 ,27380-01 5804.34 .0000
.2216857'02 16148966~01 +9097056-00 W4416669-03 +8274670-03
-.6794869-01% ,1211900+0%  .9611790-00  ~-,2849886+08 = 1684518408
,25799  1.508 14.95% 4892,63 76,605 ,17346-01 7516,33 3.3213
«1752516-02 +6145130~01 «9177094~00 14416669-03 +4461501-03
-,7246808~01 +1214014+01 «9481105~00  =,3996149+08 12824758+08
= 152462404  ARZA RATIO = «1009+01
X MACH THETA T (DEG.,R) P (Psl) DENSITY VELOCITY CF:
H H2 H20 N2 )
88 GAMMA CP(BTU/LB . SUM CleHI Vae2/2
,12700 $.163  3.938 5771.24  130.83% .34088~-01 5376.81 .0000
+2015317-02 11392208-01 +8048514-110 .4711111-0) +11414330-01
-.1098904+00 +1197933401 +7453532-00°  =~,2367608+0% +1445505+08
.13304 1.165  3.809 5771.24  130,83% ,34088-01 5376,81  ,0000
.2015317-02 +1392208-01 +8048514-00 «4741111-03 v1414330-01
=+1098904+00 1197933401 .7453532-00  ~.2367608+08  ,1445505+08
,13733  1.153  3.522 5785,88  132,49" .34438-01  5334,90 0000

.2012280-02

11392786-01  ,8046860-10

(471111103 ¢1414270-01

.2550535-04 «119785%+01 .7456249~10 =,3276498+08 ¢1423055+08
,13733  1.110 - 3.522 5279.31 132.497 ,27657-p1 5755.98  ,00Q30
.2204028-02 +6150070-0% .909748g-10 ,4416669-03 +8215450-03
-,2507171~0% 11211761401 ,9616228-30 ~,2819235+08 +1656566+08
,27469 1.543 15.000 4888.76 75,747 ,17171~01  7546,93 11,3239
«1721453-02 .6146228 11} .9180232-J0 ,4416669~-03 +4297035-03
-,6589387~01 . .1213983+01 +9479483~30 =~,4018528+08 «2647808+08
z - ¢94290401  AREA RATIO = 11078404
X MACK THSTA T (DEG.R) P (Psl) DENSITY VELOCITY CF
H H2 H2Q N2 0 -
88 GAMMA CP(BTU/LB) SUM CleH] Ve#2/2
,14222 $.165  3.904 5771.,24 130,839 ,34088~D1 5376.81 ,00Q0
.2015317~-02 +1392208-01 +8048514~00 14711111~03 +1414330~0%
-.1098904+00 1107933401 ©  ,7453532-00  ~-,2367608+08 +1445505+08
L13783 1.16%  3.857 5771.24 130.839 ,34088-01  5376,81  .0000
.2015317-02 «1392203-01 .8048514-00 ,4711111-03.  ¢14314330-01

+1445413-05
285,730 3
11356939-01

11519918-05

ISP 1T
o

1-SUM C(1)
«000 0
11962187-04

+1445413-058
286,505 3
¢1299223-01

»1505017-05

. 1sP 17T
OH

i- SUM C(l)
+000
o8621553 -01

¢1147389-05
000 O
+8621553-01

11147389’05
.000 5
18648146~01

¢1147389-05
.000
+1962895-01

11460314~05
287,072 3

11273875~04

+1519918-05

1sP 1T
OH

1~SUM C(1)
000 0
+8621533-014

+1147389-05
.000 @
18621553-01

20NE

ZONE

Z0NE



19

19

19

19

19

MASS FLOW PGINT

LRC 1D

20

20

20

20

20

20

20

20

b

0734028004
21160020~02
.4575003-02
+1102696-02
1165414604
1.04129
,4575003-02
,5919906-03
,4475583-01
, 79590
.4880000-02
07540401-04
«2172763~03
279590
.4575003-02

-,1291256-02

11096963-02

01949209'01
1.04420
.4575003-02
.5739076~03
. 4127446-01
R
AR
ce
AA
176267
,4880000-02
07550011’01
0 7626847-01
« 78149
,4880000-02
,7338386-01
79642 -
,4880000-02
,73383/2-01
0 3753693-01
079642
.4575003-02
,1090438~023
.2357230-014
1.0470¢9
:4575003-02
5669857~03
,3812257-04
79697
,4880000‘02
. 73343/0-0%
,4880607-04
79697
.4975003~02
.1002831~02
2769304-01
1.,04996
045750U3'02

2 5950929-03

TR*VI10end

22

165116702

e A7?Tna"Tenq

{

\
X,

+ 745586000

+6149334-01

1213777401

v91862%4-00

+94810%0~00

N

11197871403 -,3277459408  ,1425847+08
,14511 1.11%  3.%68 5278.85 132,291 ,27617-01 8762,02 .0000
,2199114~02 .6150170-01 - .90%7772-00 ,4416669-03 +8178420~03
-,2291607-01} v1211753+0% .9616085-010  ~,2822609+08 +1660043+408
,28575 1,548 15.000 4890,28 75,569 .17129-01  7553.,28 1.3256
+1701419-02 «6147309-01 09161965-00 ,4416669-03 +4199861~0%
~,6041183~03 +1213924+01 29479917~00 ~.4022942+08 12852602+08
,15291 1.160  3.699 5779.45 131,601 ,34243-01  5357.54 .0000
. 201218302 ¢1391954~01% ,8048335~010 .4711111-03 +141331%-01
~,3061346701 +1197880+01 . 745504100 ~,3287066+08 11435164408
,15291  1.115 3,699 5275,05 131.60. ,27495-01 5782.12 ,0000
.2194596-02 +6150070-01 «9098644~00 ,4416669-03 «8134074-0Q3
=-,2673974~0% - 41211771401 ,9614822-(10 =,2834420+08 11671647408
229661 1.517 15.000 4894.67 75.411 ,170941-01 7558,94 1,3273
.1683230-02 16147942~01 +9183534-010 ,4416669-03 14112265-03
-.5572825-01 . .1213571+oi +9480318-00 ~,4026899+08 12856878408
s 1573544014 AREQ‘RATIO 2 v1090+02
X . MACH  THETA T (DEG.R) P (Psli  DENSITY VELOCITY CF
H H2 H20Q o2 © 0
88 GAMMA CP(BTU/LB'  SUM CIeH] Ves2/2
,15144. 1.16%  3.992 5774.24 130.83% .34088-01 5376.81 .0000
»2015317-02 +1392203-01 »8048514~010 (4711111-03 .1414330-01
«.1098904+00 (1197933401 ,7453532-U0  ~,2367608+408 11445505+08
,15328  1.157 3,707 5782.39 132,069 ,34347-01 5345,74  ,0000
+2010943-02 «1391972~01 .8048249-00 . +4711111-03 »1412834-01
,16079  1.16% 3,876 5774,53 130,667 ,34032-04 5381,15 .0000
,2009832~02 v1390707~014 .8050483-00 ,4711111-03 +1410927-01
~,5344502-04 +1197880+01 » 745409400  ~,3301463+08 v14478404+08
,16079  1.12%  3.87é6 5269,7% 130,667 ¢27329-01 5809.36 .0000
.2169340-02  ,6149904-01 .9099745-00 ,4416669-03 .8080292~03
-,3226512-0% ¢1211800+04 »9613093-00 ;,2850510+oa 11687433+08
,30738 1.518 15.000 4893,05 75.277  .17058-01 7563.78 41.3290
.1666519-03 +61485548~01 .9184968-00 ,4416669-03 ,4032693-03
-,5148519-04 112138214014 ,9480725~00 ~=,4030275+08 ,2860539+08
,16871  1.172  4.078 5769.41 129,588 .33786-01  S408.48 0000
.2006327~-02 +1389p61-01 +8053234-00 (4711111-03 +1407668-01
-.6979551-01 11197872401 »7453099~00 -~.3318799+08 +1462585+08
,16871  1.328  4.078 5263.54 129.888 . ,27137-01  5840,88 .0000
,2183073-02 +6149719-01 +9101038-00 ,4416669-03 +8016905-03
=.3791685-01 +1211832¢0% «9611090-00 ~-,2869189+08 «1705793+08
,31809  1.519 15.000 4894,19 75,141 .17026-01  7568.64 1.3307

,4416669-03 ©3960030-03

-,4033700+08 12864217408

+1147389-05
+000 - 3
01958342-01

1146031405
287.446 3
+1260089-01

+1519918-05
,000 3
,8634534~01

¢1147389-05
000 3
$1951185-01

11475215'05
287.814 3
11247599+-01

. 21819918-~05

1sP IT
OH

1-5UM C(1)
000 0
08621553-01

11147389-05
+000 0 |
+8638088-01

000 3
18618957-01
01147389-05

+000 3
v1942049-01

41475215-05
288.179 3
11236173+01

|1534820'05
.000 3
t8600707'01

11147389-05
.000 3
v1931328-01

11460314-05
288,543 3
11225579-04

+1534820-03

ZONE



6E-4

LRC 10

21 1

21 6

21 4
21 4
21 S
21 4
21 .4

21 5

MASS FLOW POINT

LRC 1D

22 1

22 6

22 4

22 4

"R
AR
c2
AA
+75083%
,4830000~02
,7350014-01
.7636847=01
\ 78254
,4830000-02
733381601
079756
.4880000~02
,7328802-01
,5635344-01
279796
«4575003~-02
.1074059-02
«3137134-01
1.05283
,4575003-02
.,5460464-03
. 3278064-01
79818
,483p000-02
. 7322184-03
+6149701-01
179818
.4575003-02
,1064315-02
. 3449919-01
1.25569
,4575003-02
,5366225-03
.3052577-~01

"R
AR
c2
AA
. 73894
,4880000~02
+7350011-01
,7636847-0%
,78369
,4880000-02
W 1324377-01
,79884
.4880000-02
,7314720-01
6464343-01
79884
L4575003-02

«1053658-02
TS ECETET S|

a4

X 'MACH  THETA T (DEG.R)
H H2
BB GAMMA
416068 4,163 4,074 5771.24
. 2015317~02 11392206-~01
-,1098904+00 v 1197933+01
,16898 1,163  3.932 5775,46
,2007226-02 ¢1390003-01
L7673 1.179 4,295 5764.27
.2001951-02 11387126~01
-.8068623~0% +119785%7+01
,17673 1.13% 4,295 5256,94
.2175705-02 16149542~01
~,4297023-0% v1211866+0%
,32881 1.520 $%.000 4895.10
+1636930~02 . 6149958~-01
~,4427440~01 +1213737+01
18477 1.187 4,521 5759.11
«1997012-p2 «1385000-01
-.8819146-0)% +1197839+01
,18477 1.143 4.52% 5250.,09
12167413~02 ,6149378-01
-, 472696301 «1211899+01
.1623806-02 .6150525-01
~,4122519-01 11213702401
z ,63445401  ARcA RATIO =
X MACH THETA ~ T (DEG.R)
H H2
B8 GAMMA )
,16995 1,163  4.148 5771.,24
.2015317-02 +1392208-01
-,1098904%00 11197933401
,18490  1.177 4,309 5765,28
,1999522-02 «1386479-01
,19294 1.194 4.75¢6 5753.96
«19916286-02 1138272501
-,9275353~01 +1197817+014
L19294 1.154 4.756 5243,1%
,2158208-02 6149234~01
-.50162926-01 $1211932+01

P (Psl)  DENSITY VELOCITY CF
K20 N2 0
CP{BTU/LB) SUM CleHl Vas2/2
130,837 ,34088-01 5376.,81 .0000
+8048514~00 ,4714111-03 +1414330-~04
17453532-00  ~=,2367608+08 ,1445505+08
130,843 ,34078-01 5376,08  ,0000
,8051501~00 ,4711111-03 +1409214-01
+8056410-00 (4711111-03 11403787-01
.7452088-00 ~.3337934+08 ,1478642+08
128,422 ,26929-01 5875.00 .0000
+9102492-00 ,4416669-03 ,7944485-03
,9608937-00 =~.2889470+08 ,1725781+08
75,023 .16994~01  7573,61 41,3324
,9187535~00 ,4416669=03 ,3892962-03
,9481298~00 =,4037238408  ,2867979+08
127,203  ° ,33236-01  5469.11 0000
.8059865-00 JA714111-03 ¢1399505-01
+7451065-00  ~,3358169+08 +1495560+08
127,293 . ,26711-01 5910.73  .0000
.9104069-00 ,4416669-03 +7865019~03
. ,9606694-00 =,2910780+08  ,1746836+08
74,855 ,16960-01  75%78,93 11,3340
+9188694-00 ,4416669-03 13831252-03
,0481440~00 =-.4041081+08  ,2872010408
v1114+0¢
P (Psl) DENSITY VELOCITY CF
H20 N2 0
CP(BTU/LB) SUM CIeH] Vee2/2
130,839 +34088-01 5376,8%1 .0000
«8048514-00 ,4711111-03 11414330~01
.7453532-00 =.2367608+08 +1445505+08
128,277 ,33602-01 S5429.,10 .0000
.8057327~00 (4711111-03 ,1402231-01
125,950  .32946-01 5501.09 .00QO
+8063535-00 v4711111-03 11394912-~01
.7450038-00 ~.3379146+08 +1513102+08
125,950 ,26488-01 5947.54 .0000
,9105754-00 ,4416669-03 777903403
,9604399-00 -,2932016+08 +v1768660+08

1sp - 17
OH

1-sUM C( 1)

.000 O
+8621533-04

+1147389-05
000 O
+8616008-01

000 3
+8580765~01

v1147389-05
. +000 3
01919303'01

¢1475215-05
288.907 2
+1215648-01

01534820-05
,000 3
v8559736~01

+1147389-~05
000 3
+1%06302-01

+1475215-05
289,270 2
¢1206339-01

.1534820~05

IsP 17
OH

1-5UM c(1)
.000 0
«8621553-04

¢1147389-05
000 O
.8578463~01

.000 3
+8537900-014

¢1162291-05
000 3
1185244404

¢1475215-05

P N

ZONE

Z0NE



0v-¢

~

,2846707-0%  ~,3844181-01 ¢1213671401 .9481532-00 ~,4044948+00 «2876058+08 +1534820-05
22 4 279954 ,20112 1.202 4,996 5748.75 124,675 . .32650-01 5533.74  .0000 ,000 3 2
,4880000~02 .1985995-02 4138035804 «8067344~00 ,4711111-03 +1390136-01 .8515489-01
7306780-0%
:6699171'01 -.9613169-0% +1197793+0% ,7448995-00  ~=,3400625+08 11531114+08 11147389-05
22 4 ¢ 79954 ,20112 1,159 . 4.996 5236,03 124,675 +26256-01 5985,08  .0000 .000 3 _ b
. +4575003-02 .2148358~-02 +6149106-01 ©.9107514-100 ,4416669-03 47688707-03 +1877986-01
11042316’02 . . : s
,3898584-01  ~.5343275-01 1211964401 ,9602060-00 =.2955398+08 01791062+08 +1475215-0%
22 5  1.06143% ,36p84  1.524 15,000 4896.36 74,559 .16893-01  7589,93 1.3374 289.997 2 3
,4575003-02 ¢1600212~02 «61615268-01 - ,9190808-10 +4416669-03 +3720803-03 +1189307~01
,5203633-03 '
,2663294-01  =.3595947-01 11213644401 .94681535-00  =~,4049080+08 +2880352+08 1154972105

MASS FLOW POINT 25 = 266434401  ARZA RATIO = (1127401
WRC 10 R X MACH THETA T (DEG.,R)Y P (PsI)  DENSITY VELOCITY CF s 1T Z0NE
AR Ho K2 H20 N2 0 - OH
c2 .
AA \ BB CAMMA CP(BTU/LE) SUM CISHI Vee2/2 1-5uM (1
23 4 .72708  ,47925 1,163 4,216  $771.24 130,823 ,34088-01 5376,84 _,0000  .000 O 2

,4880000-02 ,2015347-02 .1392208~0% - 804851400 ,4711111-03 11414330-01 +8621553-01
,7350014~04 . -
,7636847-01  =,1098904+00 +11979%33+01 ,7453532-30 =»,2367608+08 11445505408 ,114738%-05 -
23 6 ,78497 ,20108 1.192  4.745 5755.06 126,393 ,33053~01  5489,66 ,0000 .000 O 2
,4830000-02 .1989467-02 +1382180~01 .8064304~20 04711111-03 +1393564-01 +8536296-01
7310776-0%. ' » :
23 4 " 80029 ,20944  4.250 5.242 5743,46 123,373 ,32346~01 5%67.47  .0000 000 3 [4
.4860000-02 +1960101-02 11377894-01L 807129300 ,4711111~03 11385170-01 . ,8492395-01
.7298375-01% '
,6863694-01  =.9848163-0% +1197768%04% ,7447932-00 ~.3422691+08 +1549670+08 1114738905 ) ‘
23 4 .80029 ,20944  1.167  B.242 5228.81 123,373 .26021-01  6023.51 .0000 000 3 3
,4575003-02 .2137835-02 +6148992-01 .91093%56~30 ,4416669-03 «7593807-03 «1862884~01
1030329-02 ’
14059420-01  ~.5562883-01 . ,1211995401 ,9599666~00 =,2978618+08 11814132408 +147521%-05
‘23 %  1.(06428 ,37156  1.52% 45.000 4896,.36 74,368 ,16857-01  7595,82 1.3391 290.362 2 3
,45975003-02 +158955%9~02 16151974~01 .9191784-00 ,A416669-03 +3671007-03 +4181434-01%
5129747-03 :
"2496341-01  -.3370040-0% +1213624+04 ,9481472-00 ~,4053408+08 ,2684825+08 +1534820-05
23 4 «80107 221777 1,218 8,490 5738.10 . 122,061 +32040-01 560%.00 0000 .000 3 2
,4680000-02 1197407202 +1375375-04 .8075328~00 ,4711111-03 +1380400-01 +8468900~01
7239716-014 . )
:6996922’01 -,1003735+00 +1197742401 «7446852-00 =,3445087+08 »15685584+08 +1162291-05
23 4 180107 ,21777 1.476 5,490 5221.50 122,061 ,25783-01  6062,38 +0000 .000 3 p
457500302 .2126880-02 16148891-01 +9111245-00 .4416669-03 1 7496343~03 +1847399-01
,1017946-02 ' o
,4186312-01  =.5736369-01 21212027401 .9597235-00  ~,3002221408 11837608408 01490116-03
23 3 1.06714 ,38223  4.526 15.000 4896,15 74,217 ,16821-01 7602.,00 4.3407 290.726 2 b}
,4575003-02 .1579649-02 »8152375-0¢ 919270400 ,4416669-03 . ,3624656-03 v1173976-014
506121103
f234e106-01 -.31690982-~0% 11213601%01 .9481332-p00  ~»,4057975+08 »2889522+08 +1549721=05

-

MASS FLOW POINT 26 = 169381401  AREA RATIO = 11139404
LRC 1D R X MACH  THETA T (DEG.R) _P (PSI)  DENSITY  VELOCITY CF 1sP 1T : 20NE
22 H H2 H20 N2 0 OH
AA 88 CAMMA CP{BTU/LB) SUM CleHl Vea2/2 . 1-5UM C( 1)
28 1§ 071923 18857 . 40,1693 4,277 5771.24 130,859 .34088-~01 5376.81 0000 .000 O : 2

haamnnA-nd 2NETS TmAD .13922n8~01 +8048514-00 ,4711111-03 "91414330=-014 .8621553-01



24 6 + 786413
.4880000~02
.« 7294814-0)
180190
'4880000'02
«7280729-01%
,7056699-01
+60190
,4575003-02
,1005097-02
1,n7002
,4575003~-02
«4956688-03
1 2213044-~0%
80277
048£CUUO“02
07271576'01
,7189229-01
.802/77
4575003-02
+9920215-03
+4371536-0%
1.57249
+4575003-02
,4936465-03
,2092712-01

24 4
24 4
24 5
24 4
24 4

24 5

MASS FLOW POINT 27

LRC 1D R
: AR
c2
AA
25 1 270334

,4880000-02
,7350011-01

.7636847-01"

25 6 78801
.4880000-02
. 7277466-01

80370
,4880000~02
7262193-0¢
s 7206904701

+80370
+4575003~02

,9786124-03
. 4435875-01
.4975003-02

- ,4879425-03
190348803

80467
L48F0C0-02
0 7252606-0%
W 1356771-01

aR - Andan?

25 4

25 4

25 4

«32469~01

21757 1.207 5,208 5744,65 123,086 5554,03 ,0000
e i978147-02  .1377431-01  .8071936-00  ,4711111-03  ,1383983-01
,22624 1.226 - 5.743 5732.63 120,727 +31729-01  563%.49 0000
+1967855-02 +1372778-01 +807948¢0-~00" ,4711111-03 11374882~01
-.1017868+00 v1197715+404 ,7445747~00 =,3468013+08 11887936+08
,22624 1.184 8,743 5214.05 120.727 .25542-01 6101.94  .0000
.2115437-02 +6148302-01 +9113194-00 ,4416669~03 +7395678-03
-.5874248~01 +1212059+01 +9594748-00 ~,3026406+08 +1861684+08
,39299  1.528 18.000  4895,76 74,039 ,16783-01  7608,45 11,3424
.1570291-02 +6352750~01 +9193584-00 ,4416669-03 »3580866-03
'-.2986119-01 «1213885+01 .9481130-30 -.4062758+08 +2894424+08
,23473  1.235 5.998 5727.,08 119,383 .31415-01 5670.26 .0000
.1961580-02 +1370142-014 .8083693-30 ,4711111-03 «1369597-04
-.1030720+00  «1197687+01  <7444624=30  -,3491220+08  ,1607591408
,23473 1,193 5.998 5206,52 119,188 ,25298-01 6144.82 .0000
.2103644-02 16448722-01 +9115178~00 ,4416669-03 17293609~03
-,5985867-04 01212091401 19592224-00 -,3050912+08 +11886096+08
.40369  1.52% 45.000 4895,19 73,854 ,16745-01  7615.16 1.3441
+1561538~-02 «6153094~01 +9194418-30 ° ,4416669-03 +35396838-03
=.,282296601 1213574401 . .9480863-00 -~,4067760+08 12899530408
= ¢7228440%  AREA RATIO = - 11154404
X MACH THETA T (DEG.R) P (Psl)  DENSITY VELOCITY CF
H M2 H20 N2 0
BB GAMMA : CR(BTU/LB) - S5UM CIeH! Vaa2/2
,19791 1.16% 4.332 5771.24 130,837 .34088~01 83746,81 .0000
+2018317-03 v1392208-01 +8048514~20 \4711111-03 +1414330-~01
-,1098904400 ¢11979335+0L ,74535%2-30  ~,2367608+08 +1445505+08
,23435 3,223 8,689 . 5734,02 121,294 ,31865-01 5620.84 ,0000
«1966096-02 +1372404-04 .B079984~00 ,4711111-03 11373866-01
,24335  1.243 6.258 5721,42 118,(30 ,31097-01  5705,64 0000
.19550p87~02 +1367437-01 ,8088012~00 .4711111-03 11364185-01
~.1041355+00 1197657+01 ,7443475-30  +~.35914948+08 . 1627715408
, 24335 31.202 6:258 5198,82 118,¢3) ,25051-01 6182,36  .0000
+2091516-02 1614865001 +9117208-20 14416669-03 17189248~03
~,6071586-04 +1212124+01 .9569635~00  =,3075978+08 11911081+08
(41448 1.531 15.000  4894,45 73,662 ,16705-01  7622,14 1.3458
155322802 +6153413-01 »9195224-00 +4416669-03 +3500827-03
-.2674883-01 '.1213560+01 .94B80535-00 ~,4072982+08 ¢2904848+08
,25199 1.252 6,518 5715.,68 . 116.€70  .30778-01 5741,24 .00Q0
.1948558~02 «1364599-01 +809238;-00 ,4711111-03 ¢1358720-01
-.1051053+00 1197531+01 ,7442305-00  =.3538953+08 +1648094+08
25109  1.211  4.518 5191.04  136.470 ,24503-01  6223.14  .00Q0

.000 @
18491373-01

000 3
+8444798~04

.01147359'05
.000 3
v1831418-01

_ +1505017-05
291,092 2
11166816~02

+1549721-~05
.000 3
. +8420373-02

»1162291-05
«000
11815184-01

_ +1505017-05
294,457 2

¢1159992~01 .

1549721-05

IsP 1T
OH

1-8uM C(I
.000 0
+8621553-01

+1147389-05
000 0
+8444575-01

1,000 3
,8395375-01

1114738905
.000 3
,1798549-04

+1490116-05
291,825 2
+1153400~01%

+1549721-05
.000 3
1837007401

v1162291-05
000 3

ZONE



AL

O

25

MASS FLOW POINT 28 = 1753142404  ARzA RATIO =
LRC 1D R X . MACH THETA T (DEG.R}
AR H H2
€2
AA g8 GAMMA

26 ¢ 169148 ,20726  1.165 4,381 5774.24
.4880000-02 «2015347-02 +1392208-01
.7350014-0%

,7636847-03  =.1098904+00 01197933401

26 6 278979 ,25143 1.240 6,183 5723.03
.4880000-02 .1953530-02 +1367149-01
»7259175-04

26 4 (B0569 ,26076 1.261 6:783 5709,.81
«4840000-02 .1941885-02 113618956-0}
.7242817-01 .

2 7397453-04  -.1059431+00 01197602404

26 4 ,80569 . ,26076 1.220 6.783 - 5183.08
«4575003-02 +2066509-02 «6148528~01
951322103
,4528285-0% -, 6192529-01 +4212192+01

26 5 1.08157 243608 1.534 15.000 4892.48
,4575003-02 +1537944~02 16153979-04
W4774767-03
1798313-01% -,24236%0~0% 01213545+01

26 4 .B0b/6 , 26955  1.269 7.048 5703.86
,4360000-02 +1935154~02 +1359062-03%
,721291%-04
,7464941~01 =.1068461+00 21197573401

26 4 +30676 ,26955  1.229  7.048 5175.02
,4575003-02 .2053710-02 +6348475-D1
.9375122-03

_ .4560250-01  =.6233390-01 01212227401

26 5 1.08447 ,44690 1.536 18,000 4894,27
.4575003-02 .1530878-02 +6154231-04%
+4726472-03
172141703 ~,2318823-04 +112135431+01

MASS FLOW POINT 29 = +77954401  ARzA RATIO =
t.RC 1D R X MACH THETA T (DEG.R)
AR H W2
€2
AA g8 GAMMA .

27 1 67964 .21664 1,163  4.42) 5774.24
,48020000~02 «2015347-02 +1392208~01
+7350011-0%

.7636847-04 -,1098904+00 «1197933+01%

27 6 .79175 ,26883 1.256  6.687 57141.65
1488000002 .1940530-02 1136169902
07240116"01 :

27 4 .A0788 ,27848 1.278  7.318 5697,78

5 1.07887
+4575003-02
«4825843-03
«1887206-01

48535000702
0 122217171-0%

+7517106-0L ~

ry (RN XV

42524 1.532
+1545409-02

~,2543931-01

.1928288~-02
~.107555%+0Q

LR XN Y « 213

13,000

4893.54

+6353706-01

+1213554+01

01356166'01

1197544401

b I K )

R1AL.TOQ

\
A

73,463

«16664-01  7629.38 1.3473
+91959%96~00 ,4416669-03 +3464024-03
»9480196~00 ~,4078419+08 12910370408

1164404
P {Ps!1) DENSITY VELOCITY CF
H20 N2 0
CPL{BTU/LB) SUM CleH! Vea2/2
130.839 ,34088-01  3376,81 ,0000
+8048514~00 ,47111414-03 +1414330-04
«7453532-00 ~,2367608+08 +1445505+08
118,447 .31245-01  5689.68 0000
»8088375-00 v4711111-03 +1363342-01
115,292 .30455-01  5777.44 , 0030
,8096853-30 «4711111-03 +1353136-01
+7441110-00 ~,3563490+008 +1668938408
11%.292 .24551~01  6264,56 .0000
+9121354-00 ,4416669-03 16977534-03
+9584324-00 " ~.3127270+08 01962236408
73,257 ,16622-01  7636.90 11,3492
+9196745-00 ,4416669-03 ¢ 3428795-03
29479719-00 ~,4084087+08 12916115+08
113,913 .30130-01 5813.83 .0000
.8101372-00 +4711111-03 «1347504-01
0 7439895-00 -.3588310+08 »1690032+Q8
113,913 ,24299-01  6306.18 .0000
+9423458-00 14416669~-03 06870673-03
+9581590-30 =-,3153489+08 11988396408
73,044 «16579-01  7644,69 1.35Q9
19197464~20 44416669-03 +3395334-03
1947922800  ~,4009967+08 12922063+08
11176404
P (Psl) DENSITY VELOCITY = CF
H20" N2 0
CP(BTU/B) SUM Clepl Vae2/2
130,837 ,34088-01 5376.,81 ,0000
+8048514-20 ,4711111-03 1141433001
«7453532-10 ~,2367608+08 11445505408
115,953 ,30614-01 5760.03 .0000
.8097068~20 «4711111-03 +1352472-01
112,522 .29802~01 5850.76 .0000
.8105987-1p ,4711111-03 v1341764-01
.7438654~20 -,3613655+08 11711572408
112.821 .24044~-01 6348,1%8 0000

292,192 2
+1147075-01

v1564622~05

1sP 17
OH

4-5UM (1)
000 O
18621553~01

+1147389-05
+8396004-01

000 3
8344209=01

01162291-05
+000 3
1476459304

«1505017-05
292.562 2
+1140924-04

21579823=~05
000 3,
:8318059-01

11162291-05
000 3
’1747325'01

+1519918~-05
292,931 2
v1134984~01

»1564622~03

1sP 1T
OH

1-SUM ¢t
000 O
1862155301

¢1147389=05
000 O
18345749-04

000 3
+8291364-04

01177492-05
000 3

ZONE

ZON



Ev-L

{

27 5

27 4

27 4

»z7 5

MASS FLOW POINT

LRC 1D

28 1

28 &

28 4

28 5.

28 4

28 4
28 5

‘ MASS FLOW POINT

«9235247-03
,4535489-01
38739
,4575003~02
L4620164-03
,1650926-01
. 809C5
.48800350-02
W 72:2558-01
., 7572499-01
+ 30905
+4575003-02
,90954352~03
14656351 -01
1.09051
+4575003-02
L4635088-03
,15686524-01

R
AR
Cc2
AA )
66774
.4880000~02
»7550011-0%
+7636847-0Q3
+ 79390
«4880000-02
+7220365-01
+81028
«4880000-02
0 7202073-01

< 1620708-0%

81028

+4575003-02"

«8954304-03
,4617486-01
1.09324
,4975003-02
14593576-03
1153168b3-01
81156
,4880000-02
17171514-04
W 7671713-01
31106
»4575003-02
«8813603-03
,4627677-0%
1.09618
14575003-02
14552852-03
,1452957-014

30

31 =

-, 626422301 +4212263+04 »9878789~03" ~,3180245+08 +2013100+08
,45780 1.538 45,000 4889,94 72.824 ,16535-01  7652.72 1.3526
.1524093-02 1615446604 +9198169-0) ,4416669-03 »3363114-03
=,2223034-01 +1213539+04 «9478695-03 -,4D096045+08 +2928207+08
,28743  1.287 7,588 5691.63 111.125 .29473-~01 5887.,89 .0000
.1921371-02 »1353240-01 +8110649-0) ,4711111-03 +1335979-01
-,1083054+00 ¢13497514+01 «7437387-01  -,3639294+408 +1733361+08
,28743  1.248 7,588 5158,44 311,126 ,237688-01  6390.78  ,0000
.2027481+~02 16148388014 +9427742-0) 4416669-03 +6654672-03
~.6288649-0% <1212304+01 19575941-00  ~,3207297+08 +2042103+08
,46868  1.540 15.000 4888,46 72,993 .16490-01  7661.00 143543
.1517632-02 1 61544684~01 +9198851-30 ,4416669-03 +3332302-03 .
~,2138180~01 01213539404 «9478106-22  ~,4102336+08 42934549408
: 80722+04 AREA RATIO = 11139401
X MACH THETA . T (DEG.R) P (PSI) DENSITY VELOCITY CF
H H2 H20 N2 0
BB GaMMA CP(BTU/LB) SUM CI®HI Ves2/2
.22603 1.165 4,463 5774.24 130,837 ,34088-0L 5376.81 .0000
.2015317-02 +1392208~01 +8048514~230 14711111-03 +1414330-04
-.1098904+Q0 +1497933+01 »7453532=30 ~,2367608+08 11445505408
128653  1.274 7.201. 5699.89 113.227 .29973-01 5831.97 + 0000
 +1927143-02 +1356066-01 +8106046~3Q 1471111103 +1341287-01
,29651  1.296 7,862 5685,34 109.72) .29141-01 5%25.52 ,0000
1914322~02 01350254~01 .8115404-39  ,4711111-03 +1330088-01
-.1089456+00 - .1197484401 «7436095-09  ~,3665459+08 +1755591+08
,29654 1.257 7,862 5149.92 109,723 ,23529-01  6433,72 ,0000
.2014089-02 1614835401 +9129%19-3) 14416669-03 .6545864+03
-,6300811=04  .1212339+01  ,9573023-13  ~,3234877+08 2 2069639+08
.47965 19542 15-000 4886.88 72'365 -16443-01 7669052 1-3561
«15113%1~02 «6154888~01 1919951992 +4416669-03 +3302463-03
-,2061222-01 11213541401 +947748g~20  -,4108812+08 +2941075+08
,30562  1.306 8.136 5678,97 108,314 ,28809-01  59463.35 .0000
.1507228~02 +1347238-01 ,8120206~0) «4711111-03 +1324156-01
~,1096286+00 v1197454+01 1 7434784~93 »,3691932+08 +1778076+08
,30562 1.267 B8.136 5141.28 108,314 ,23270-01  6476.,85 ,0000
.2000635-02 .6148319-01 ¢9132102-32 ,4416669-03 +6437478-03
~.63310731-01 +1212379+01 +98570056-0]  ~,3262763+08 ,2097482+08
,49060 1.544 419,000 4885.16 72,428 L416396-01  7478,29 1.3578
.1505413~02 «61850978-01 +920017p-03 4416669-03 +3273747-03
-.1994353-01 «1213544+018 ,9476807~07 «=,4115503+08 +2947808+08
,83443401  ARzA RATIO = 11202401

L L Lirm. A~ s ~r

+1505017-05

293.302 2

+1129479-01

+1579523-05
+000 3
18264388-01

+1162291-05
+000 3
11712125-04

11519918-05

293.673 2

,1123539-01
' ,1579523-05

Isp 1T
OH '

1-sUM C(1)
.000 O
+8621553~01

+1147389=08
.000 O
+8293878~01

000 3
+8236882-01

+1177192-05
+000 3
+1694229-01

+1519918-05
294,047 2

+1118002~01

,1579523-05
.000 3
+8209090-01

+1177192-05
000 3
v1676273-01

11519918+05

294.419 3

111125689-01
+11579523-05

t e

Z0NE

20N



Yo-L

29

29

29

29

29

29

29

29

MASS FLOW POINT

LRC 1D

30

30

30

30

30

30

b

4

AA
65588
+4880000=02
07350013~04
,7636847-01
79626
,4880000-02
,7199954-0%
81293
,4880000-02
.7183727-03%
0771629}'01
«8129%
+4575063-02
»86719/5~03
,4631128-01
1.09914
.4975003-02
04543361-03
«14327425-01%
.81450
,4880000-02
e 7109852-04
. 1720877-01
81430
,4575003-02
,8531065-03
,46332/4-01
i.10209
04575003"02
,4475303-03
11398593031

R il
AR

- €2

AA :
'06416‘
,4880000-02
. 7350014=04%
0 7636847-03
079912
,4880000-02
«7176740-01
818606
,4880000-02
.7156498-01
W 7797405-01
+81606
+4575003-02
083010/6'03
+4611560-01
1.10567
.4575003~-02
.44:0994-03
s 1355057-01
eél)‘fﬂ

32

BB
223543
+2015317~02
=,1098904+00

120454 1.292
.1913398-02

1.163 °

GAMMA
4,490 5771.24
v1392208~01

,1197933+01
9,724 5687.73
,1350256-01

130.83%
+8048514-000

»7453532~10
110,478
08115297-030

CP(BTU/LB)

SUM CleH]
.34088-01
04714111-03

-,2367608+08
.29323-01
CLA711111-03

Vea2/2 .
5376,81 0000
+1414330-04

.1445505*08
5905,30 .0000
«.1329680%-01

,31486 1,319 8.414 5672,48 106,897 28473-01  6001.64 .0000
.1900008-02 .1344164-01 ,8125097-00 L4711111-03 .1318123-01
-.1102064+00 01197424404 .7433436-00 -~,3718921+08 ,1800987+08
.31486  1.276 B.414 5132,46 106,897 L23009-01 6520.49  .0C00
.1986980-02. +6148294-0% »913430%-00 2 4416669-03 ,6328480~03
-, 631174601 - ,1212423*01 ,9567017-00 ~-,3291157+08 22125839+08
,50164 1.546 35.000 4883,35 71,885 ,16348-01  7687,24 11,3595
,1499605~02 «6155258~01 «9200811-00 ,4416669-03 ,3245791-03
-,1932531-04 11213549401 +9476102-00 ~.4122342+08 12954686+08
,32413 1.324  .8.692 565,89  105.482 ,20138-01  6040.12 0000
.1892746-02 +1343060-01 ° +8130033-00 ,4711181-03 +1312053-0¢
-.1108005+400 21197394404 «7432075-00  ~,3746225+08 11824155+08
,32413 1.286 8.692 5123,52 105,482 ,22748-91  6564.30  .0000
.1973287-02 +6348267~01 ,9136519~00 ,4416669-03 1622010603
-, 631046301 11212463401 29563926-00 =,3319858+08 22154502+08
»51266 1.548 15,000 4884.43 71,635 .16298-01 7696,46 1.3612
+1494009-02 +6155425-04 29201449~00 ,4416669-03 +3218731-03
-,1879406-0% $4213555+04 29475359-00 =.4129399+08 12961776408
= (86417#01  AREA RATIO = 14215404 '
X MAGN  THETA T (DEG.R} P (PsI) _ DENSITY VELOCITY . CF
H ’ H2 . H20 N2 0
B8 GAMMA CP{BTY/LE) SUM Clen] Vee2/2
,24672 1.16%  4.519 5771.24 130,839 ,34088-01 5376,81 .0000
201531702 +1392208-01 »8048514~n0 ,4711111-03  .1414330-04
=,1098904+00 v1197933+01 »7453532-00 «,2367608+08 +1445505+08
,32473 1.312 8.308 5673,89  107.42¢ ,28601-04 5987.46  .0000
+1897845-02 11343655-01 «8125799-00 1471111103 +1316830-01
33543 1.336  9.0M 5657,87 103,774 L27733-01  6086,78 0000
,1883862~02 +1337262-01 «813607¢~20 ,4711111-03 «1304636-014
-,1112547+09 11197357+01 +7430407-30  ~-,3779612+08 11852446+08
,33543 0 1.298  9.0M1 5112.58 103,775 ,22432-01  6417,38  .0000
«1956624-02 1614824401 v9139199-30 ,4416669+03 «6089393-03
-.6281566=-01 -  .1212516+01 «9560131-30  ~,3354892+08 12189489408
,52601  1.55% 15.000 4879,00 71,327 ,16238-01 770777 1.3633
.1487485-02 +6155613-01 + 920218230 . 4416669-p3 «3187073-03
-.1820551-0%  +1213564+01 '.9474410-30 -,4138064+08 ,2970485+08
34677 5.347 9,369 £649.74 102,074 +27328-01 16133.650 .;gooo
- - - .. S ma 2 - ATV ad44a_nm a2Q7 -4

1=5UM C(1)
000 0O
18621553-01

+1147389-05
000 O
+8240430-01

.000 3
«8180787-01

117719205
000 3
1165809701

+1534820~05
294,795 3
21107256~01

¢1579523-05
000 3
< 48152197-01

v1177492-03
.000 3
11639865-01

«1534820-05
295,170 . 3
+1102015-01

1157952305

ISP 17
OH

1=SUM C(D)
,000 O
+8621553~01

11147389-05
000 O
+8479776-01

000 3
¢8117281=01

¢1192093~05
,000 3
¢161778001

+1549724-05
295,623 3
+1095810~01

+1594424-05

,000 3
_ANR19GA=-N1

ZONE



Sv-L

30 4

LRC 10

31

31 6

31 4

31 4

31 3

'-1118019‘00

c,3813431+08

+7841023-0¢ +4197320+04 +7428708~20 14881083+08
181790 «34677 1.310 9,369 5101.46 102,074 ,22117-01  6670.66  .000Q0
+4575003-02 ¢1939938-02 06148228~04 «9141876~30 14416669-03 15960065-03
81925%90-03
:4600490-01 -,6262343-04 +1212572+01 19556258~30  ~=,3390343+00 12224883+08
1.10924 53935 1.554 15.000 4876,44 71.017 «16176-01 7719.35 11,3654
.4575003~02 ,1481193-02 +6155789~01 »9202911~10 «4416669-03 +3156448~03
43h8297-03 :
+1319715-01 ~,1772017-0% «1213575+401 +9473420~30 ~,4146960+08 12979416+08
MASS FLOW POINT 33 = 189263404  AREA RATIOQ = ¢1230+01 ~
R X MACH THETA T (DEG.R) P (Psl) 'DENSITY VELOCITY CF
AR H : H2 H20 N2 0
c2 . .
AA BB GAMMA CP{(BTY/LB) SUM Cl#*HI] Ven2/2
« 62455 »26029 1.163 4,543 5771.24  130.837 .34088-01  5376,81  .0000
.4880000-02 »2015347-02 +1392208-01 «8048514-10 14711111-03 +1414330-01
7550011-01 ’
17636847-01  =.1098904+00 $1197933+01 «7493532-00 ~,2367608+08 11445505+08
+79554 J34481 1.326  8.714 5664,75 105,281 .28090-01  6045,81 0000
,4880000-02 .1889239-02 +1339809-0% +8131956~00 14711111-03 ¢1309424-014
7164134-01
" 82024 .36063 1.362 9,780 5639.72 100,023 .26839-~01  6190.59  .0000
,4880000-02 .1864003-02 .1328722-01 +814%635-010 +4711111-03 +1288055~014
7126468-01 .
V787570501 ~.1121996+00 01197273+04 «7426618-000  +,3854938+08 11916172408
82024 ,36063 1.32% 9,780 5087.79 100,023 v21735-01  6735,32 .0Q000
«4575003-02 . ,1919650-02 16148215-01 +9145121-00 ,4416669-03 +5804437-03
7939873-03
14550107-01  =.6208961~01 11212641401 19551474-00  ~,3433767+08 12268224+08
1.11308 «55555 1.557 15.000 4873.18 70,629 .16100~01  7733,74 1.3679
14575003-02 +1473836-02 06155985~01 »920377g8-00 ,4416669-03 +3120451-03
43383597-03 : v
:1281433-01 =,1720240-01 +12135%90+01 +9472159-00  ~,4158038+08 12990537408
82269 37456 1.376 10,189 5629.56 97,985 .26352-01  6247,69  ,0000

31 4

31 4

31 5

LRC 1D

,4880000-02
710975401 .

.1853g27-02

11323971701 «8157174-00 W4711111-03 v1278890-01

W79.8667-01 -,1123961%09 ¢1197231+01 ,7424488-00  ~,3896986+08 ,1951682+08
82269 37456 1.339 10,189 5073.89 97,985 .21356-01  6800.08  ,0000
,4575003-02 +1899382-02 ¢6148211-01 ,9148353-00 ,4416669-03 15651305-03
7789969-03 :
:4535226-01 ~.6169479-01 +1212713401 «9546589~00  =,3477693+08 +2312056+08
1.11792 ,B57173  1.561 15.000 4869,72 70,232 .16022-04. 7748,56 11,3705
W4575003~-02 ,1466721-02 16156166~01 «9204633-10 ,4416669-03 v3085516-03
4290165-03 ,
v1252426-01  =.1680110701 +1213608+01 +9470827-00 ~,4169482+08 +3002012+Q8
MASS FLOW POINT 34 = 192945401  AREA RATIO0 = v12530+01
R X MAGKH  THETA T (DEG.R) P (Psl’  DENSITY VELOCITY CF
AR A H H2 H20 N2 0
c2
Al BB GAMMA CP(BTU/LB) SUM CleH] Vaa2/2
» 60405 ,27657  1.163 4,557 5771.24  130.839 .34008-01  5376.,81  .0000

3z 1

2 2?2

,4880000~02 «2015347-02

«7350014-0%

.7636847-04 ~,1098904+00
.h7681 .28799 1.176

+1392208-01 »8048514~100 14711111-03 v1414330-01

+1197933+01
4.777 5769.27

.7453532-100
128,89

~-,.2367608+08
.33614-01

¢1445505+08
5426.17 +goao

¢1177392-05
.000 3
11595674~014

11549721-05
296.075 3
+1089713-01

11594424-05

1spP 1Y
oH

1-suM C(1)
+000 O
+8621553-04

11147389-05
.000 O
.8142924~01

000 3
»8038773-01

+1192093-05
000 3
11568342-01

1154972105
296.624 3
+1082437-01

v1609325-~05
.po0 3
1799510901

+1206994-05
000 3
¢1542091-01

11564622-05
297.171 3
11075252-014

v1609325~05

1sp 1T
OH

“1-SUM C(I)
000 0
+8621553-04

+1147389-08
.000 10

ZONE

ZONE



9v-4

32 6 80044 ,37502 1.356
,4880000~02 .1865800~02
»7128752-0% .

32 6 804650 137149  1.338
4880000-02 «1861726-02
,7122181-01

32 4 B2424 ,38307  1.384
,4860000~02 .1846333~02
»7099485-03 .
,7910856~01 =,1126041+00

32 4 L2424 ,38307  1.348
.4575003~02 .1887042-02
,7669756-03
,45n01125~01 ~.6184p64-D1

32 5 1.,12095 58155 1.563
,4575003-02 13462498~-02
,42¢1546-03
,1234970-04  ~.1655813-01

32 4 S 52583 . 39162  1.393
,48£0000~02 ,1839628-02
.7059191-01
,79:8890-04 -,1126730+00

32 4 +B82563 ,39162  1.357
.4275003-02 +1874703-02
«7550702-03
«4519876~01 ~.6150658-01

32 5 1,:2318 ,59438 1.569
.4575003~02 .1458284~02
,42333/4~03
¢1221561-01 ~.1636979-01

32 6 060943 . 38830 1.373%
+4880000~02 .1848706-p2

. L7102353-04

32 4 ,B82747 ,40019  1.402
.4880000-~02 +1832911~02
,7078853-01
J7922762-04 ~.,1126793+00

32 4 82747 , 40019 1.366
,4575003-02 +1862433+02
« 743288603 :
045136/2'01 -06111467"01

32 5 1.12562 60123  1.567
,4575003-02 +1454175-02
,4205633-03 :

©,1210754-04  ~.1621547~01

32 4 62919 ,40879 1,410
,4880000-02 «1826187~02
«7068469~01 '
,7918313-04  ~,1125748+00

32 4 ,82919 ,40879  1.375
,4575003~02 .1850204~02
17316318"03
.4486216-01 ~,6070098-01

32 5 1.12844 ,61108 1.570
«.45750063-02 +1450124~02

,41782>9-023
12:1017-01
4SS FLOW PTINT 35

-.1607937-0%

= 097245401

;-

100,876
814788500

9,562 . 5643,64
2132978004

9,651  5641,06
1132815401

100,502

10,438 5623.37 96,758
+1321065-01 .816178g-00

742318300
96,758
1915030400

«1197204+01
10,438 5065,40
+6148223-01

+12127568+01 1954358900
15.000 4867,.70 69,999
, «6156277-01 »920514p00

01213615*01 09470048"00
10.68% 5617.12 95,557

1131814704 816640400

v1197177401
10.686 5056,84
+6448235-01

+1212804+04
1%.000 4865,52
"~ +6356379=~01

« 7421864630
95,837
+ 915225000

2954055800
69.754
«9205649-30

11213631403 «9469205-230
10:126 5629.05 98,082
11322528 ~-01 .8459358-00
10,931 5610.85 94,327
«1315220-0%  .8171043-00
¢1197450+04 «7420539-20
10.931 5p48,23 94,327
+6148245~01 .9154187-:0
+1212850+01 +953750p~30
15,000 4863.24 69,503
+6156476-01 «9206157-20
 +1213644401 +9468329-30
11.173 5604,57 93,427
11312284701 +81756%92-30
+1197124+04 +7419206-20
114173 5039.59 93,427

16148262-01 1915611130

995}4420"00
69.247

«920666%-00

+1212896+01
15,000 4860,88
16156567-01

+1213658+01
4Rza RATIO =

2946742100

815042000

11273404

.27042-01 6167.20  ,0000
L4711111-03 11289887-01
. 26956-01 6177.25 . 0000
(4711111-03 1 1286684-01
,26058-01  6282.32 .0000
,4711111~03 0127331001
-, 3922673408 . ,1973380+08
f21127"01 6639933' 10000
,4416669-03 :5559792-03
~,3504491+08 +2338824+08
,15976-01 7757.,25 1.3720
1 4416669-03 ,3064811-03
~,4176205+08 ,3008749+08
;25765~01  6316,%6 .0000
+4711111~03 11267716=01
-,3948500+08 +1995200+08
,20698-01  6378,56 .0000

.+4416669-03 +5468782-03

-~;3531402+08 12365732+08
,15928-01  7766,42 1,3735
14416669-03 v3044307-03
~,4183313+08 +3015865+Q8
,26378-01  4244,9%5 .0000
W4714111-03 11275820~-04
",25475-01  6351,53 0000
,4711111-03 11262115-014
-« 3974436+08 02017096+08
520672-01 6917'69 00000
,4416669-03 - ,5378779-03
~, 3558392408 02392721+08
.15879-01 7775.,81 1,375
,4416669-03 13024045~03
-, 4190603+08 +3023162+Q8
.25186-01  6385,99 0000
,4711111-03 11256510~01
~,4000454+08 +2039043+08
.20447"01 6956'67 00000
1 4416669-03 +5289866-03
~,3585430+08 ' 2419762+D8
,15829-01  7785.44 1.3766

,4416669-03 +3003982-03

~,4198088+08 «3030654+08

000 O
,8050942-01

.,000 O
+8037376~01

,000 3
0 7968474-01
01206994“05
000 3
01525924-01

11564622705

297.503 3

+1070987-01

©,1609325-05

003 3
+7941709-01

01221895-05
000 3
«1509778-01

01564622~05

297.835 3

01066697-0)

'1609325“05
000 0
17985650~01

.000 3
0 7914865-04

v1206994-03
000 3
+1493706~01

¢1564622~05

298,167 3

+1062413~03

11609325-05
.000 3
+7887972-01

v1221895+05
,000 3
+1477720-01

11564622-05

298,498 3

¢1058125-04

‘01624227'05



Ly~L

33

33

33

33

33
33
33
33
.33
33

33

33

33

33

{ 33

AR
€2
AA
+58167
.48080000~02
2 7350011-01%
+7636847-01
60655
.4830000-02
.7328038-01
0391736704
.80674
,4880000-02
+7086643-03%
81270
.48&0000‘02
CJT0B1152~01
831068
,4830000~-02
,7056881~01
.7884113-01
85106
,4575003-02
+7168944-03
14428386-03
1,13138
+4575003-02
,4148455-03

J11E7665+0%

83303
+4880000~02
.« 7045268-01
2784331701

83303

.4575003-02

,7063393-03

1435728301 -

1,13430
,4575003-02
1411903003
117863531-01

,81633
.4830000-02
-70586/2f01

+ 83505

© ,4880000-02

+7033651-01
v 7797304-01
+83505
,4575003~-02
6939827-03
«4350018-01%
1.13722
.4575003-02
.4089925-03

\1172385-01

JH3712

+2015317-02
-.1098904+00
.2001824-02
=.5642593~04
,1838232-02

+18349p06~02

181872302
-.1120349+00
.1836702-02
-.6004251“05
+1445686-02
-,1590135-04
.1811285-02
-.1114199+00
«1823272-02
=.5944070~01
+1441302-02
-.1577379-~01
1182036802

+1803874-02
=.1107093+00
+1809930-02
~.5876507-01
,1436968-02
-.15681%0-01

H2 H20

GAMMA CPLBTU/LE)
4,553 5771.24 130.837
«1392208-0%

+1197933+01 +7453532-30
4,889 5765,65 128,424
+1387212-01 «8056201-00

+1197851+01 2745234700
10.537 5618,47 95.867
+1317883~01 18166751-00

10.624 5616,26 95,565
«1316525~01 +B8168860-00

11,441 5597,70 91,823
1130903401 +8180830~00

11197094401 1 7417748~00
11.441 5030.10 91.823
. 614829001 .9158222-00

+1212951+01 +9531024-01)
15.000 4858,33 68,970
«6156669-01 +9207217~00

12134673404
11.704 5590,85 90.538
+1305787-01 »8185961-00

+1197064+01 +7416283~01)
11.704 5020.60 90,538
,6148325-01 v 946031000

11213004401 « 952761500
19.000 4855.69 68,688
+6156766-01" 49207769-00

11213689404 1946542200
11.140 5602,76 92,960
+1310186-01 «8178893-00

11.961 5584,03 89,274
.1302348-01 819107400

. 1197035401 ,7414824-~010
11.961 5011.14 89,274
«8148367-01 ¢9162375-01)

11213958401 +9524205~00
15.000 4852.95 68,39¢
1615685901 +9208322-00

(1213706401 .9464368-00
12,211 5577.26  83.03¢

+8048514~90

v, 3615137+08

19466439-01) -

N2, 0

SUM CleH! Vae2/2
.34088-01 8376.81 .00OD
4711111-03 11414330-01

-, 2367608+08 +1445505+08
+33439-01 5445,65 » 0000
v4721111-02 +1403855~-01

-,2395660+08 +14082753+Q8
,25844~01  6308,04 . 0000
+4711111-03 01266928-01

¢25775-01 6316419 10000

4711111-03 +1264314-01
,24872-014 6423,66 + 0000
g4711111'03 +1250310-02
-, 4029106+08 12063173+08

.20232-01 6999,25 .0000
14616669-03 +5192742-03

12449478408
.48774-01  7795.88 11,3783
,4416669-03 02982124-03

-, 4206191+08 © 2 3038766+08
.24562“01 6461|06 00000
«4711111-03 +1244137-04

-,4057728+08 +2087262+08
+19959-01  7041.49  .0000
,4416669~03 «5097247-03

-,364477B+08 \2479129+08
115719"01 7806050 1:3800

,4416669-03 +2960500~03
~,4214488+08 +3047069+08
,25151‘01 6390-58 10000

\4711111-03 11252211-014

«24257~01 6498,08 + 3000
y4711111-03 ¢1237995-04

-,4086250+08 12111251408
.19721-01  7083.26 0000
14416669-03 +5003396-03

3674277408 «2508642+08

,4416669-03 1293904703

~,4223013+08 «3055598+08
123956701 6534,67 ;0000

OH

1=5UM €C1)

+000 O
+8621553-01

+11147389=-05
000 10
10583475-04

+11622%1-05
000 O
v79419%0-01

000 O

+7930685~01

000 3
+7658369~-01

1122189505

«0C0

11460185-01

+1579523-05

298,864 3

11053455-01

1162422705
.000 3
.7828842-01

11221895-05
,000
11442818~D1

+1579523-05

299.230 3

+1048788~0%

11624227-05

000 O
17872734-01

000 3
0 7799447-01

1123679605
000 3

" +1425631-04

01579523’05
299.595 3

01044109-01

'v1624227-05

000 3

-V AT A



8v-4L

33 4 +83712

14575003-02
+6818317-03
«4300288~03
1.14015

+4575003-02
140610/8-03

»1167545-01
MASS FLOW POINT 36

LRC 1D R
AR
c2
AA
156233
4868000002
¢ 735001101
0 7636847-0%
81361
,4880000-02
¢ 7044455-03%
84087
0‘830000'02
,7001760-0%
0760960401
+ 84087
.4575003-02
,6611103-03
.4148089-01
1.,14529
<,4575003'02
,4011300-03
»1152959-0%
84478
26981608-04
. 7446160-01

34 3

34 6

34 4
34 4
34 8

34 4

34 4 84478
.4575003~02
,6411053-03
,4042590-01

34 9 1.15044

.4975003-02
©+3962095-03
(114746401

MASS FLOW POINT 37

LRC 10 R
AR
c2
AA
156253
+4758002-02
01,38295.01
«7438028-01
153693
+4758002-02
05/782Y5-01

s LATYD _MmY

35 %

35 1

44726  1.434 88,534  ,19487-01
.1796683-02 1614841601 .9164444-00 ,4416669~03
-,5805304=04 11213112401 .9520800~08 ~.3703579+08
,65472 1.580 15.000 4850.11 68,403 ,15605-01
,1432674-02 1615694601 .9208876~00 ,4416669-03
-.1561011-01 01213725401 19463272~00 =,4231781+08
a ,10178+02  AREA RATIO = +1300+04
X MACK THETA T (DEG.R) P (Psl)  DENSITY v
H H2 H20 N2
B8 CAMMA CPBTU/LB) SUM CleH1
.30969 £.163 4,536 5774,24 130,839 ,34088-01
,2015317-02 +1392208-04 :8048514~00 «4711111-03
-,1098904+0Q 11197933+01 ,7453532-00 ~,2367608+08
,44584  1.429 11.480 5593,32 $1.077 .24692-01
181100602 11306023~01 ,8185515~00 L4711111-03
, 46431 1.46) 42,641 556%5,66 85.928  ,23445-01
.1783696-02 11293729-01 .8204974~00 L4711111-03
-.1078929+00 21196954404 0743087100 - ~,4163654+08
,46431 1.430 12.641 4985,46 85,928 .19087-01
+1773897-02 16148514-04 0916791300 ,4416669-03
-.5613047-04 +11213204%01 «95148%0-00 -,3754119+08
,67387  1.589 15.000 4845,15 67,571 ,15904-01
,1425225-02 1615709901 920983800 ,4416669-03
-,1542426-04 +1213757+01 ,9461362-00 =,4247036+08
,48146  1.479 13,047 5534 ,34 83,908 +22953-01
+1771107-02 +1288219-01 + 821363630 .4711111-03
=,1055122+00 11196903401 +7408418-00 =,4211793+08
,48146  1.444 13,047 4969,50 83,903 ,18703~01
\1751371-02 16148639-03% +9171308-20 ,4416669~03
-,5464824-0% +11213300+0% ,9809051~00 =,3803653+08
,69308  1.590 15.000 4839,97 67.065 ,15401-01
141764502 »6157243-04 . .9210802-00 ,4416669-02
«.1534241~04 1213792401 - .9459360-00  =,4262823+08
z 110554402 AREA RATIO = - 44324401
X MACK THETA T (DEG.R) P (Psi) DENSITY v
H - H2 . H20 N2
BB GAMMA CR(BTU/LR) SUM CIeH]
,30969 1.204 4.536 5668,06 130,839 .30637-01
+2637667-02 12851504~01 .86823969-10 14593335-03
-,1065767+00 11200649+01 .8348638-00 ~-,2741878+08
+ 33155 1,204 4.353 5668,06 130,837 J30637-01
.2637667-02 +2851504~01 18823969-1)0 , 459333503

- AR TATANN

f

12.211 5001.73

_42nnca0+ny ~AT4B65R-10

-.2741878+08

7424.5% -.0000
14911252-03

+2537962+08
7828,62 1.3833
v2947719~0Q3

+ 3064367408

ELOCITY CF
0

Vee2/2
£376.84 « 0000
+4414330-01

11445505+08
6445,71 0000
+1244290-01

6597.36 0000
11221317-04

12176257408

7195.20 .0000
14753904-03

, 2588545408
7848,09 1.3863
,2680821-03

03079629408
6658,24 .0000
v1210958-01%

12216606+08
7263.72 »0000
+4603023~03

+2638084+08
7868.18 4.3892
02844294-03

+3095410+06

ELOCITY CF
0

Vea2/2
5869,35 0000
|612014§-02

01722461408
5869,35 0000
16120145-Q2

- 41722461+08

,000 3
+11408652~04

11994424~05
299,961 3
+1039408-01

11639128-05

IsP 17
OH

1=5UM C(1)
.000 0
1862155301

+1147389-05
«000 O
+7833754-01

,000 3
+7719856-01

01236796-05

000 3
+1379496-04

01594424-05
300.600 3
+1031253-014

+1654029-05
.000 3
«7670510-04

11251698-05
»000 3
¢1351181-01

+1594424+-05
301,239 3
+1023059-03

o16§4029'05

1sP 17
OH

1-SUM C(1)
«000 0

15802866~01
+1311302-05
000 O

15802866-01

+1311302-03

ZONE

2ONE



674

.4758002-02
«1676389-0%
.5207090-01
+56556
., 4880000-02
07}16715'01
,53854/2-0¢
80604
,4880000-02
,7022329-0%
.62807
.4880000-02
06992770~-01
84781
,4880000-02
1 6966529-01
+7290088~01
84784
,4575003-02
6265492~03
1 3989118-03
1.15434
+4575003-02
1 3925429-03
,11498)5'01
85092
,4880000-02
.8951611-01
,7132443-01
85092
.4575003-02
,6124188-03
,3898855-01
1.,15820
,4575003-02
,3888871-03

«1152179-01-

,B3370
04800000'02
|6?63297'°1
» 85410
,488c000~-02
16936865~03
'6?60316'01
85410
, 457500302
v5937234-03
3602301301
1.16210
«4575003-02
+3852351-03
. +1156119-04
+65756
.4880000-02
69.°2312-0%
W6771128-01

85756

+2605790~02
-,7422327-04
+1993206-02
=.7717424-0%

.1796968~02
,1778468=02

«1761789~023
-.1032915+00
11734475702
-.5376493-04
+1412338-02
=,1535551-01
+1752622~02
=.1010060+00
1171826702
~,5250064-01
.1406851~02
-,1537707=31
.1760056-02

+1743627-02
-,9852949~0%
«1702141-02
~.5117241~04
140134702
~.1542403-01 -
«1734815-02
-.9583189-01

«2644413~01 ,8837883~20

11200357+01 +8344803-20
5,061 5756,06 126,011
.138345¢-01 - ,8062338~30

v1197821+01 +7450452-30
11.827 5580.88 88.795
11299945-04 «8195094-10

+1291817-01 «8207884~30

13.329  5546,13 82,453
.1284146-01  +8220024-10

¢1196865+01 +740663p-0
13.329 4957,86 82,453
1614876501 +9173781-20

v 1213369+01 «9504770-00
45.000 4835,88 66.657
+6157345-01 +9211532-30

+1213820+01 4945778200
13,595 5538,16 81,063
+1280147~01 .8226288~10

.1196827+014 ,74048846-C0
«6148902-01 +9176190-00

11213436401 «$500583-00
15.000 4831.,58 66,234
T6157440-01  .9212270-00

+1213851+01 .9456122-00
13.118 5547,17 82,856
q1283720'01 082?0616'00

13,841 5530445 ° 79.729
1127622601 +8232419~00

+1196789+04 «7403194-00
13.841 4935,53 79.729
v 6149p54-01  »9378531-00

+1213502+01 +9496497-00
15,000 4827,10 65,800
+6157530~01 «9213017-00

+1213883+01 +9454391-00
414.068 5523.04 78,454
1 1272394-03 .8238400~00

J1196752+40% - +7401561-00
14.0664 ,4?24.90 78,454

.~ AT A

,4393335+03  ,597990002

" =,2591028+08 11796705408

a32953'01 5499052 00000
,4711111~03 ,1396305-01

-,2427095+08 41512236+08
,24140-01  6512,96 0000
L4711111-03 ¢1232726~01

s23424-04 6600.,42 .0000
+4711111-03 11217475-01

.22599-01 6702.38 » 0000
_14711111'03 |120332§'01

-,4247033+08 12246094408
,18427-01  7313.36 0000
,4416669-03 ,34493988-03

-,3839813+08 12674261408
.15321-01 7883,80 1.,3914
,4416669-03 12817025-03

= 4275139+08  .3107717+08

.22258-~01 6745,19 .0000
o4711111'03 01195845'01

-,4281439+08 0 2274877+08
.18160‘01 7361045 'OOOO
,4416669-03 .4388076~03

-,3875048+08 ,2709550+08
.15239'01 7900:03 103937
,4416669-03 ,2789693-03

~,4287951+08 +3120520+08
,22699-01 6690.28 , 0000
v4711111-03 11202296-01

.21931-01  6786,56  ,0000
«4711111-03 11188526-01

-,4314950+08 «2302885+08
c17904'01 7407193 00000
,4416669-03 14285710-03

~,3909305+08 12743869+08
.15154~01  7916,78 11,3959

~,4301210+08 13133768408
.21617-01 6826,44 - 0000
+4711111-03 11181385-01

-, 4347449408 »2330Q17+08
,17659-01 745264 + 0000

Aar4tLEO_AT A4 RAQGAT~N

+3720332-02
+1311302-05%
18545603-01
11147389-05
+7779134-01

.7706055-01

1763434901
.+1236796-05
»1330543-01
1159442405
11016852-01
+1654029-05
1 7599020-01
11236796+05
¢1310422-01
11609323-05
+1010558-01
1165402905
763329204

1756489901
11236796+05
,1290871~01
11609325~05
+1004183-01
,1654029-05
¢7531197-01
11236796-05

.197182201



U3~

35 85 1,1660% ,73122 1.606 413.000 4822,47 65,355 ,1%047-01  7933.97 41,3981 303,1%9 3 3
+4575003=-02 .1395873-02 +6187617-01 .9213772-00 ,4416669-03 12734664-03 +9977352-02
,3815837-03 ’ .
,1161029~01  ~.15478%4~0%1" +1213917+01 .9452594-00 ~-,4314853+08 +3147398+08 ,1668930-0%

MASS FLOW POINT 39 z +11025402 AREA RATIO = ¢15360408
LRC 10 R X MACK  THETA T (DEG.R) P (Psl) DENSITY VELOCITY CF. 1sp 17 20NE
AR H W2 H20 N2 0 ) OH
c2 :
AA : B8 GAMMA CRIBTU/LE) SUM C1sH] Ven2/2 1=SUM C(1)
36 4 151456 + 39074 1.204 4.280 5668,06 130,859 .30637-01 5869.35 .0000 .000 O i

,4758002~02 - .2637667=02 ~ ,2851504-01 »882396%-00 14593335-03 16120344502 1580286604
.1738295-03 .
,7438028-01 ~.1065767+00 01200649404 ,8348638-00 =,2741878+08 1 41722461+08 »1311302-08
36 4 56879 ,38298. 3.25% 8,537 5636,78 122,142 ,28810-01  609%.99  ,0000 000 . 6 1
.4758002~02 ,2579497~02 »2837394-04% .8849794-00 ,4593335-03 v5863419-02 +5648162~01
.1650153-01%
,4749298-01  ~,6762085-0% 11200494401 ,8341084-00 =.2649887+08 +1838056+08 +1311302-05
36 4 ,56879 ,38298  1.247 5.537 5744.38 122,142 ,32048~-01 5%98,90 .0000 .000 6 2
,4880000~02 ,1974396=02 ,1375796-~01 .807449400 ,4711111-03 +1360784-01 «8476951~01
7268846-014 :
.5057/518-01 . =,7242074=0% 1197732401 °  ,7447481-00 -,2481710+08 01567387408 - ,1147389-~05
36 6 .83369 ,53591 1.508 13,506 $534,00 B0.472 ,22113-01 6764,02 .0000 ,000 0 , -
, ,4830000-02 +1746221-02 21277542+01 .8230339~00 ,4711111-03 +1190825-01 +7577463-03,
6941016~03 . . :
36 6 J83964 ,53063  1.507 13.603 5532.43 80,274 ,22067-01 6769.63 .0000 000 0O 2
‘ ,4830000-02 +1743250-02 01276363-01 +8232139-00 ,47131111~03 .1188564~01 2756821601
,6935910-01

36 4 86026 ,54500 1.530 14,258 5517,16 77,419 ,21362-01  6859,06 .0000 .000 3 2
,4880000-02 +1727204-02 +1269440-01 +8243458-00 14711111-03 $1175297-01 +17503440-01
6909586<0% .
16540598-01  =.9259133-01 .1196718+01 +7400254-00 =,4374319+08 «2352337+08 . ,1236796-05
36 4 .B6026 ,54500 1.500 14.258 4916,26 77.419 ,17459-01  748%,20 ,0000 .000 3° : 3

«4575003-02 .1672597-02 - +6149404~01 «+9182705-00 «4416669-03 1410370403 +1255999-01
§742214-03 v :
:3611128-01 -,4851702-04 ¢1213816+08 ,948%9293-00 ~,3969708+08 12804409408 11624227+05 '
36 5 1.1694) ,263914  1.61Q 15.000 4818,83 65,001 ,14997-01 7947,72 1.4000 303.574 3 3

+4575003-02 +1391031-02 «6157710-01 09214410-00 ,4416669-03 v2711333-03 0992304402
378429403
0:1155695-03 -,1541184-01 +1213943+0% +9451182-00 w,4325770+08 +3158316+08 ,1668930~05
36 4 66324 35654 1.538 14,433 5541.50 - 76,431 ,21318-~01 689041 + 0000 000 3 2

.4880000-02 +1719812-02 +1265976~01 +8248366-00 »4711111-03 21169401-01 2747663501
+6897116-0)
+6327725-01 <,8955833~04 +1196684+01 +7398993~09 ~,4400252+08 +2373889+08 «1236796=05

36 4 186324 ,55654  1.503 14,433 4907.95 76,431 - .17268-01  7524,32 +0000 000 3 3
' .3575002-02 .1659161-02 06149594~03 +9184552-00 ,4416669-03 +4023275-03 +1240574-01 :
» 53331 ‘03
«3913706-01 -,4718532-01 +1213665+01 +9486166~00 =-,3995997+08 12830773+08 +1609325-05 :
36 5 1,17262 ,77662  1.613 19,000 4815,09 64,641 ,14926-01  7961.,74 11,4019 303,990 3 3
+4575003-02 .1386203~02  .6157800-03 +9215049-00 . 4416669-03 +2687889-03 +9868510-02
3752877-03
:1154645‘01 -,1539330-01 11213570401 .9449729-00 ~-,433691%5+08 ¢3169462+08 .1654029-05
36 6 « 84524 ,95340 1.525 44,010 5519.79 78,074 .21526-01  6838,36 , 0000 000 O v 4 2

+4880000~02 .1728143-02 +1269794-01 +8242388-00 e4711111-03 +1176337-01L +7511065-01
.6912878-01 \

36 4 R6620 56811 1.5486 314.592 5506.,07 . 75,469 ,20884-01 6920.50 .0000 +000 3 2
g‘unLOUD-oz 01712631.02 .1262905—01 .6253122-00 '4711111—03 l1163°89-01 17450759-01
6834929-04 ’ :
Y. LlelAn . BAROsOR-AS Pt DhEENENY L 7RYTTRaenn -. 4475251408 .0394666+08 1251698-25



18-4

36

36

36

36

MASS FLOW POINT

LRC 1D

37

37

37

37

37

37

3/

37

-

1

,4575003-02
¢5528004-03
0 3417573~01
1.17624
+4975003~02
¢3721559-03
.1155069-~01
186924
,4880000-02
16873027-01
15911309-01
56924
14575003-02
+5426229-03
¢3320421-0¢
1.17968
+4575003~02
+11551/6-04

R
AR
c2
AA
149219
+4758002~02
v 1708295-0%
,7488028~01
+57198
,4758002-02
01624931-01
«5138064~01
.57198

. 4880000-02"

1 7261995-01

,5562460-01 "

84452
,4880000~-023
:6895396~0%

«B7476
.4880000-0%
6852864-01
,5576563-01

87476
,4975003-02
+5254627-03
v 3122906-01

1.185/8

, 457500302
,36349/8-03
«1146959-03%

LB8059
.4860000-02
H833944~-01

5271958-01

~an

40

.1645998-02 0 6149796-02 +9186339-00 .4416669-03 +3948704-03
-,4587044~01 «1213714401 «94831531-00 ~,4021324+08  ,2856176+08
,78937 1.647 15,000 4811.25 64,275 ,14854~01  7976.04 41.4038
.1381386-02 ¢6157888~01 0921569230 L 441666903 +2664490-03
-.1538916-01 +1213996+03 1944823270  ~,4348326+08 +3180864+08
57971 1.553 14,736 5500.90 74,593 .20662~01  6949,30  ,0000
.1705687-02 11259929-01 .8257725-30 24711111-03 +1158160-~01
~.8363223~01 +11964619+01 « 73966200 =,4449284+08 +2414636+08
,57971 1.524 14,736 4892,34 74,5973 ,16911~01  7590.23 .0000
.18333112-02 +6150007-04 .9188065-00 ,4416669~03 .3870955-03
~.4454965-01 +1213755+01 «9480254~00 -,4045653+08 ,2880581+08
.80215 10620 150000 4807031 63-903 c14781‘01 7990‘60 1-4057
.1376575-02 +6157973-01 +9216338~00 ,4416669-03 12641133-03
153864101 1214027401  .9446697-00 =, 4359955408  .31924B8+08
s 111430402 ARZA RATIO = +1372+401 ,
X MACH THETA T (DEGR) P (PSI)  DENSITY VELOCITY CF
H H2 . H20 N2 0
88 GAMMA CP{BTU/LB) suM CleH] Vas2/2
,36610 1.204 4,193 5668,06 130,839 .30637-01  5869,35 .0000
1263746702 .2851504-01 | ,8823%69-00 14593335-03 16120145~02
-,1065767+00 +1200649+01 .B8348638-00 ~,2741878+08 01722461408
41457 1,279 6.006 5619,64 118,330 ,28017-01 6196.92  .0000
.2554184~02 +2831153~01 886170400 ,4593335-03 «5749577=-02
~.7304949-04 +1200444+01 +8336954~00 ~,2711280+08 »1920088+08
,41457 1,241  6.006 5725,36 118,338 .31159-01 5697,64  .0000
,1955922-03 +1368104-01 - .8086787~00 (4711111-03 +1365335~01
-,7956381-01 +1197651+03 744423900 =,2538972+08 +1623157+08
,57899  1.538 . 14.243 5510.60 76,413 ,21114-01  6894.,2%9 .0000
+1718617-02 . +1265%06~01 «8249117-00 (471111103 ¢1168433-04
,60053  1.586 14.97) 5492,18 = 73.093 ,20289-01  6997,98  ,0000
»16938%7-02 +1254904-01 826549400 »4711111-03 11148845-01
-,7882363-04 +1196565+01 «7394659-00 =-,4489917+08 1 2448583+(8
,60053  1.537 14.970 4879,41 73,093 W16619-01 7644,66 , 0800
«1611114-02 +86150383~01 ¢9190%991-00 ,4416669-03 +3744759-03
-.4198563-04 +1213830+04 «947533,-00 ~,4086895+08 12922043+08
,82499  1.627 15,000 4800,37 63,242 .14653-01  8p16.,22 1.4092
«1367980-02 +6158130-01 19217484-0Q 14416669-03 12599699-03
-,1528945-01% «1214078+01 .9443988-008 -,4380474+08 +3212993+08
,62143  1.577 15,156 5484,30 71,751 ,19949-01  7p042,64  ,0000
.1682760-02 «1250167-04 °©  +8272785-00 JA4711111-03 1114009501
-,7380227~04 «1196512401 .7392875-00 2 =.4527502+08 v 2479942408
L34 At ¢« 540 4B 48g ARAT_GA 7.7 16451 ~01 76494.56 .Qono

+1225649-01
11624227-08

304.405 3

+9813616-02

+1668930-05
,000 3
+7425833-01

01251698-05
000 3
01211228~01

11624227-05

304,820 3

-+9758410-~02
1168383105

T 1sP IT

OH

1-5UM C(1)
+000 O
+5802866-01

¢1311302-05
000 4
+5574636~01

11311302405
.000 4
+8405880~-01

+1147389-05
000 O
+7472401-01

000 3

«7383825-01

11266599-05
.000 3
11186779-014

116424227-05

305.559 3

09660509'02

11683831-05
000 3

¢1251698-05
.000 3



¢S-L

37 5 1.19192
: «4975003=02
¢ 3579985-03

.1145886-01

MASS FLOW POINT 43

LRC ID R
AR
c2
AA
166984
.4758002-02
+1708293-01%
«7458028-01
57492
.47580302-02
,1601899-0%
5570500-01
57492
.4850000-02
«7237352-01
604676%9-01
86344
T ,4880000-02
2 6840274-04
088524
,4880000~-02
,68:7704-04%
04919713'01
+88524
.4575003-02
,4963837-03
,2843743-01
1,19718
|4575003'02
0 3533273~03
.1151953-01
89014
,4880000-02
68025/71~-0%
,4628348-0}
189014
14575003~02
,4841197-03
+2715880-D4
1.20245
04575003'02
,1155207-0%

38 1

38 4

38 4

38 &

38 4

38 4

38 8

38 4

38 4

38 5

MASS FLOW POINT 42

LRC 10 R

: - AR
c2

AA

39 1 144744

.4728002~-02
.47°8B295-0% .

Ta.105R-AS

v ?
i

62,599

8042,40 1.4126

84790 1.633 15.000 4793,22 .14523-04
+1359394~02 +6158284-01 ¢9218634~00 1441666903 +2558582-03
-,1526891~01 +1214132+01 .9441188-00 ~.4401513+08 13234006408
a 211794402  ARzZa RATIO = 11421401 .
X MAGH THETA T (DEG.R) P (Psl) DENSITY - VELOCITY CF
H H2 H20 N2 0
BB GAMMA CcP(BTU/B) SUM CleHl Veo2/2
37659 1.204 4.093 %668,06 130,839 .30637-01 5869.35 ,0000
«2637667-02  ,2B51504-0% +8823969-30 +4593335-03 16120145-02
-, 1065767400 +1200649+01 ,8348638~30 ~,2741878+08 11722461408
,44157  1.300 8.421 5603.34 114,864 ,27290~-01  6290.16  .0000
.25310%7-02 12825213014 +8872681-10 ,4593335-03 \5645800-02
-,7906382-01 +1200403+01 - .8333010-30 ~,27685203+08 v1978307+08
44157 1,263 6,421 5710.24 114,864 .30345-01  5788,80 .0000
.1939018-02 01360984-03% 1809815930 v4711111-03 +4351158-01
-.8642827~04 \1197879+01 °  ,7441165-30 ~-,2592433+08 «1675510+08
,62368  1.574 .14.927 5486,88 72,469 ,20135-01  7018.68  .0000
.1686%10-02 +1251783-04 .8270319-10 (4711111-03 +1143041-01
,63928 1.587 45.274 5478,20 70,674 ,19685-01  7077.66  .0000
,1673724-02 11246350-01 .B8278645-30 ,4711111-03 +1133047-01
=,6953518-01 «e1196468%01 «73914846~00 ~,4557195+08 +2504665+08
63928  1.559 15,274 4858,36 70,674 .,16145-01 7733.65  .0000
01572453~02 16354174~01 . 9195925-30 ,4416669~03 .3533422-03
»,3814465-01 +12135948+401 +9467242-00 -,4155000+08 12990463+08
,86753  4.639 4%5.000 4786.79 62,0506 ,14408-01  8065.62 11,4155
«1352085-02 «6158408-01 +9219627-00 .4416669-03 +2523593-03
~,1532952-014 11214181401 +9438667-00  ~,4420243+08 +3252710+08
65717  1.599  1%.361 5472.63 . 69,703 ,19444-~01  7110.06  .0000
.1665198-02  ,1242747-01  ,8284163-00 14711111-03  11126403-01
=,6541563-01 11196425+04 +7390210-00  ~,4584783+08 v2527650+08
©,65717  1.567 18,361 4849.89 69,703 ,15954-01  7769.79 ,0000
,1555631-02 +6151559-04 +9198002-00 1 4416669-03 +3444763-03
-.3640652~01 v1213993+01 «9463959~00 - ~,4182870+08 +3018480+08
,88720 1.64% 15.000 4780.19 61.415 .14291-01 8089,26 1.4183
.1344772~02 +6158530-01 v9220626~00 ,4416669-03 ,2488655-03
-,1536307-01 «1214232401 +9436077-00 -,4439362+08 +3274808+08
3 112139402 ARZA RATIO = 11446404
X MACH THETA T (DEG.R) P (Psl) DENSITY VELOCITY CF
H HZ H20 N2 0
88 GAMMA CP(BTU/LB) SUM CleH]  Ves2/2
,38660 4.204 3.980 5668.06 130,839 ,30637~01 5869,35 ,0000 .
.2637667-02 +2851504-01 ,8823969-00 .4593335-03 «6120145-02
e (RABRDATDAAR 420Nk Aa0+0 LAT4B863A-0G «.2741878+08 ‘.1722461+08

306,297 3

19562131~-02
+1683831-05

1sP 1T
OH

1~sUM C(D)
»000 O

+8802866-01
01311302'05

.000 4

¢5506523~04
+1311302-05

.000 4

+8339793~01
v1162291-05

000 O

+7357811-01

+000 3

+7313838-02
11266599-05

,000 3

+1145523-01
»1639128-05

306.925 2

+9477400~02
11683831-05

000 3

07254898'01
01251698~05

000 3

_01125175'01
11639128-05

307.552 2

19391486-02
+1683831-05

[sp 19
OH

1-syM ¢(I)
»000 O

+5802866-01
«1311302-05

20

L

2t




£ES-L

39

39

39

39

39

39

39

39

MASS FLOW POINT

LRC 1D

40

40

40

40

40

1

2475800202
157771803
1579701403
57809
+4880000-02
,7211204-01
628675401
87298
487000002
L680BBYA-01
BY509
.4880000-02
,6788142-01
14346119-01
089509
«4975003-02
, 472491203
W 255226401
1.,207786

+4575003-02 -

.34400/3-03
01160540-01
« 90006
,4880000~-02
«6774402-01
14113514-01
«90006
+4575003-02
.4615061-03
«2474710-01

i.21309
«49/5003-02
,3393563-03
1164089-01

R
AR
€2

AA

42507
04758002'02
«1708295-03
.7408028-03

+58148
.4758002-02
+1552782-01
v5934257~01

58148
,4880000-02

2 71683964-01

,6461969-01
188273

.4880030-02

«6779797-0%
925U

© +48R7000-02

43

+25068535-03

-.8219142-01
46881  1.286
+1921312-02

-.898p811-01
65914 1.59%
»1668410~02

,67515 1.603
.1657037-02

-.6169580~03
67515
+1539412-02

-.3473390~01
90703 1.65%
«1337326-p2

=,1542242~03

69315 1.610

.1642370-p2

1.576

12819040-01

+1200359+01
6.837
11353839-01

11197502401
1%.195
«1244p014-01

13.418
+1239329-01

¢1196385+01
15.418
16151952-01

1214035401
15,000
+6158445~01

¢1214287+01

15.450
+1236103~01

+1233p46~01

5694,

5473,

5467,

4844,

4773,

5462,

.

+8884114~30
+8328930-20
75 111,338
+8110020~20

743799310

55 704495
+8282295=-10
38 68,801

,8289392-10

«7389006-)0
97 68,80t
+19199972-0

19460878~20
28 60,801
1922164000

+9433357-00

56 67,970
+8294316~000

«8298979-010

,4593335-03  ,5537883-02
~,2827623+08 ¢2038996+08
+29515-01 5882.34 .0000

«4711111-03 11336381-01
., 2647670408 11730095+08
.19569-01  7093.57  .0000

4711111-03 11128757-01
,19215‘01 7140042 +0000

v4711111-03 01120117-04
~,4610714+408 «2549279+08
.15776~01 7803463 0000

+14416669~D3 +3360931~03
~-,4209080+08 «3044831+08
014171"01 8113'79 1;4212

«4416665-03 +2453549~-03
-,4459263+08 13291683+08
,19006-01 7168,60 +0000

471111103 +1114193-01

~.5811932~01 11196346+04 +7387895-00 =,4634870+08 +256%440+08
,69315 1.583 35.450 4834,66 67,971 ,15611~01  7835,02 .0000
1 1523824~02 «6152351~01 +9201833-00 ,4416669-~03 +3281980~-03
-.3314309-03 +1214p73+01 +9458022-00 ~,4233493+08 +3069381+08
,92690 1.658 15,000 4766,25 60.190 ,14049-01  8138,60 1.4241
+1330059-02 +61568761~01 + 922265900 14416669-03 1 2418546-03
~,1546196-01 v1214343401 +9430584-00 ~,4479447+08 +13311841+08
s +12470402  AREA RATIO = 11472404 : .
X ~ MAGH  THETA T (DEG.R) P (Pgl)  DENSITY VELOCITY CF
H ! W2 H20 N2 ' 0
BB GAMMA CPLBTU/LB) SUM CleH1 Vee2/2
39642  1.204 3.855 5868,06 -130,83% .30637-01  5869,35 ,0000
«2637667-02 +2851504+~01 «8823969=00 +4593335-p03 16120145-02
-.1065767+00 11200649401 +8348638~000 ~,2741878+08 11722461+08
,49630 1,345 7,252 5569.45 107.810 ,25804-~01 6482,97 ,0000
.2481871~02 «2812703-01 +8B89585,4-010 +4593335-03 15427573~02
-.8404977-01 v1200314+01 .B324715-00 ~,2888367+08 12101443408
,49630  1.30?  7.252 678,82 107,810 .,28682-01  5977,08  .0000
+1903057-02 +1345840-01 ,8122264-00 +4711111-03 ¢1321184-01
~,9220568-04 01197423+01 +7434709~00 ~-,2704546+08 +1786272+08
,69483 °  1.608 45,342 5462.29 68,260 .19084-01  7158,54  .0000
«1651943~02 +1237009-01 «8293037~00 +4711111-03 11115921-01
W71121 1.617  15.458 5458,02 67,493 .18810~-01  7195,10 .0000

14711111-03 +1108592-04

+5435790-01

01311302’05
000 4
18271321-01

+1177492-05
.000 O
+17293309~01

000 2
1 7257555-04

11266599-05
000 2
«1111701-0%

l'1639128'05
308.181 3
+9304383~02

© +1698732-05

000 2
17231971-01

11266599'05
000 2
1109614101

+1639128~05
308,807 3
+9216919-02

+11698732~05

Isp IT
OH

1-5UM C(1)
+000 0
15802866-01

+1311302-05
+000
+5363170~01

+1326203-05
.000 3
«8200822-01

01162291-05
.000 O
«7236481-01

.000 2
+7207795-01

ZONE



G4

40

40

40

40

MASS FLOW POINT

LRC 10

41
43
43

43

41
s
4
4

41

1

457500302

,4510984-03
0236329901
1,21844
.4575003-02
. 3347016-03
,11568591-01
«51005
,4880000-02
,6748920~01
.3671216-01
91005
,4575003~02
,4412623~03
2258754-04
1.2238%
.4575003-~02
0 3300662-03
,11716358-01

R
AR
ce
AA
140270
«4758002~02
21708295041
.7458028~0%
58514
.4758002-02
21527335-04
:6020253-01
158514
.4860000-02
071559/3‘01
c6957196-01
» 89228
«4890000-02
,8753169-01
91505
.4880000-02
8737123-01
,3481680-01
«91505
«4575003-02
.4319287-03
2 2160646-0%
1.22%920
+4575003-~02
0 3254337~03
«1174886-014
.92004
,4800000-02
16725928-03
o 35168/9-01
52004
,4975003-02
.42 9?28~-0)

44

.1508527-02

»$203600~00

+6152749-04 +4416669-03 »3207336-03
~.3163797-0% 04214108%04 +9455332~00 ~,4256531+08 »3092548+08
994689 1.664 151000 : 4759000 590565 013926"01 5164002 1'4270
.1322655-~02 1615887404 »9223687-00 +4416669-03 »2383483-03
-.1551187-01 01214404401 19427714-30 ~,4500195+08 13332562+08
,72928  1.62) 15.448 5453,76 66,463 .18627-01  7219,95  .0000
+1635188-~02 ¢1230154-01 +8303385-20 471111103 +1103307-01
 .5184815-01 1196273401  .7385859-30  ~,4579010+08  ,2606387+08
,72928  1.597 45.448  4821.38 66,467 ,15313-01  7892.20 .00Q0
,1494440-02 +6153144-01 1920527530 . 441666903 »3136938-03
-.3022517-0% «1214140+01 +945280¢-30 ~,4278201+08 +3114342+408
96691  1.674 15,000 4751.64 58,933 .13801-01  8189,65 1,4299
«1315234-02 6158988-01 . ,922471§~20 ,4416669-03 v2348575-03
~.1554425-01 11214461401 09424794-30 ~,4521177+08 +3353519+08
= :12784402  AREA RATIO = 11478401
X  MAGK  THETA T (DEG.R) P (P&l1)  DENSITY VELOCITY CF
H H2 . K20 N2 0
B8 GaMMa CP(BTU/LB)  SUM CleHI Vaa2/2
,40515 1.204 3,719 5668,06 430,437 .30537-01  5869,35 +0000
.2637667-02 +2851504-01 .B8823960~20 ,4593335-03 1612014502
=.1065767+00 +1200549+01 +B8348636-20 ~-,2741878+08 21722461408
,52403  1.368  7.6865 55541,88 104,00 .25061-01  6580.86  ,0000
.2456395+-02 »2806250-01 »8907817~30 ,4993335~03 ,5315885-02
-,8516202-04 +1200270+04 .8320374~00 =~,2950270+08 12165387408
,52403 1,332 7.665 5662,57 104,500 ,270849-01  6p72,57 ,0000
.1884486~02 +133794A~01 .8434764-00 4711111-03 +1305750-01
-,9347364-01 +1197344401° . 743133¢-08 -,2762531+08 +1843807+Q8
. 73069 1,622 §5.387 5452, 60 66,003 +18665-01 7215,21 .0000
,1637074-02 +1230712~01 +83026%4~00  ,4711111~03 +1104423-014
274741 1.630 315.42% 5449,67 . 65,785 ,18454-01  7243.59 ,D00D
,1628663~02 «1227404-01 +830757¢-00 v47111311~03 11098293-01
~.,4916246-0% +1196240%04 +7384910-00 -, 4699361+08 +2623483+08
,74741 1.604 15.421 4815.,27 - 65,785 ,15177-01  7918,50 .00600
+1480606-02 +6153533-04 .9206872-00 ,4416669-03 +3070204-03
~,2890142-01 01214174401 ,945039%-00 ~,4298877+08 ,3135133+408
,987p4  1.677 15,000 4744,11 58,304 ,13676-01  8215,72 1.4328
«1307778-02 «6159102-0% 09225754~00 ,4416669-03 ¢2313685-03
~,1557716~01 +1214523+08 29421804~00 ~,4542584+08 +3374900+08
,76553 1,638 18,380 5445,74 65,138 ,18291-01  7266.09  .0000
.1622479-~02 .1224782-01 +8311569-00 «4711111-03 11093536-01
-.4681248-04 +1196209+01 «7383997-00 2 ~,4718746+08 12639805408
L765%3 1,610 15.380 4809.43 65.438 .15048-01  7943,52  .0000

41467344-02

06153913“01 99208393‘U0

,4416669-03 +3007084-03

14084354-01
+1639128-05

309,433 3

19128454-02

11713634-05
.000 2
+7185011-01

11266599-05

000 2
01067338-04

+1639128-05

310.057 3

+9039791-02
11698732+05

1sP 17
oH

1~sUM C{1}

000 O
15802866-01

01311302’05
<0CO
.5289157-04

01326203'05
000 3
08128996-01

v1162291-08
.000 O
7186198-01

000 2
+7463290-01

" ,1281500-05

.000 2
11053961-01

+1654029-05

310,680 3

+8850453-02

01713634-05
.000 2
+7142574-01

+1281500-03
000 2
11041215-01

ZONE



GS-L

41 5 1.23460

14575003-02
13208275-03
«1177029-01

MASS FLOW POINT 4

LRC 1D R

42

42

42

42

42

42

42

42

42

42

AR
c2
AA

1 ,38033

,4758002-02
\1738295-04
,7408028-01

4  ,58598

'4758032'02
150169701
+6080635-01

4 58898

+4880000-~02
0 711273/2-01
«6633706-01

) 90248

.4880000~02
06’28922‘01

4 92504

.4880000-02
2 6715248~01
,3173521-04

4 192504

«4575003-02
,4146787-03
,1986343-0%

L 1,24004

,4575003~02
«31622/3-03
+1176162-01

4 93001

,48£0000-02
1 67050/4-01
.3050293-01

4 «92004

,4975003-02
24066900-03
«1909710-01

5 1.24548

+4575003-02
1 3116612-03
1117821203

MASS FLOW POINT 4

LRC [D R
AR
2
AA
43 1 + 35793

PR T )

1,00720 1.684 435,000 4736,50 57.670 .13550-01 8241.,94 1.4336
.1300314~02 16159217-01 +9226793-00 14416669-03 «2279013-03
~,1559575+01 +1214386+01 .9418769-30 ~,4564185+08 3396478408
5 = ¢13080402 AREA RATIO = 01524404
X ~ MACH  THETA T (DEG.R) P (PsI) DENSITY VELOCITY CF
H H2 H20 N2 0
BB GAMMA CRIBTUALE) SUM C1aH] Ves2/2
LA1369 1.204 3,572 5668,06 130,837 ,30637-01  5869,35  .0000
,2637667-02 °  .2851504~01 .8823969~10 ,4593335-03 «6120145-02
-.1065767+09 +1200649+01 .8348638~10 ~,2741878+08 01722461408
,55202 1.391  B8.p74 5533,86 100.817 ,24320-01  6679.44 + 0000
©.2430547-02 1279970001 +8919967-30 ,4593335-03 +5203271-02
-,8591144-03 +1200227+01 ,8315887~10  ~,3013419+08 12230745408
+1865664-02 e 1329938-01 8147499~30 ,4711111~03 +11290115-01
-.9447104-04 f1197264401 .7427863-30 ~,2821737+08 11902628408
,76670  1.636 15,354 5444,01 . 65,153 ,18298-01  7265%,40 .0000
+1623655-02 1122302601 +8311322-20 v4711111-03 ¢1094089-01
,78372 1.641 15.329 5441,86 64,515 ,18134~01 7287,84  .0000
11616582703 v1222266-01 +8315405-10 ,4711111-03 11088988-014
-.4477372-01 v 1196180401 \7383098-30  ~,4737493+08 .2655632+08
,78372  1.616 15,329 4803.75% 64.51% ,14924~01  7967.70 ,0000
.1454577~02 «6154282-01 ,9209853-30 ,4416669-03 \2946974-03
=,2654633-04 «1214230+01 1944583300  =,4337750+08 «3174210+08
1,02748 1.691 15.000 4728.73 57.030 ,13423~01 8268,%4 1,4385
.1292816-02 +6159332-04 .9227837-00 ,4416669-03 1224439403
-.1560220~01 +11214651+01 2941566300 ~,4586167+08 «3418437+08
,80190 1,647 15.268 5438,04 63.917 .17982-01 7308.88  .0000
.1610%60-02 +11219850-04 +83190%92-00 ,4711111-03 ,1084636-01
~.4302384-01 11196453+04 ,7382213-00 ~-,4755640+08 «2670985+08
,80190 1.621 415.268 4798,21 63,917 ,14804-01  79%1.07 .0000
,1442330-02 «6154538=04 .9211251-00 L4416669-03 .2889889-03
~,2550999-01 11214259401 . .9443634-00  ~,4356312+08 ,3192862+08
1,04778 1.698 45.000 4720.88 56,372 ,13296-01  8295.26 1.4413
.1285322~02 +6159448-01 +9228878-00 ,4416669-03  ,2210054-03
~.1559419-01 11214717401 .9412518-00 ~,4608318+08 .3440567+408
6 2 113360402 AREA RATIO = 11551401
X - MACH THETA T (DEG.R) P (Psl) DENSITY VELOCITY CF
H H2 _ H20 ' N2 0
88 . GAMMA CR(BTU/LY) SUM CI®H] Ves2/2
,42175 1,204 3,415 5668,06 130.837 ,30637-01  5869.35 0000
msvmLaY_NAA AQearAdafd ARAZPTIQAA . N _ARO9ITIRRAT -f\12“145"'02

311,299 3 .
+8861085-02

+1728535-05

ISP 17
OH

1-sUm C(1)
000 O
+58028686-01

+1311302-05
000 3
+5213884-01

‘u1326203‘05
.000 3
+8055791-01%

11177192-05
000 O
17141146-01

L0080 2
17122550~04

v1281500-05
,000 2
+11028965-04

+1654029¢05

311.919 3
08771162’02

11728535-05

.000
+71031%0-01

+1296401~05
000 2
+1017216-01

|, 1668930-05
312,535 3
,8681366-02

'1728535'05

1sP 17
OH

1-SUmM c(1)
.000 O

+5802866~-01%

ZONE

' 20NE



9G-4

SN

43 4

43 6

43 4

43 4

43 5

43 4

43 4

43 5

LRC 1D

44 g

44 4

44 4

44 6

44 4

. MASS FLOH POINT A7

. . Ty

3
\

,8932279-00

,4758002-02 .2404398-02 «2793065-01 ,4393335-03 +5090038+02
1475343-0%
:6122574-01 =,8640247-03 11200186+01 «8311258~00 «.3077729+08 02297425+08
,59309 ,88028 1.380 8,480 5628.86 97.370 ,26196-01  6265.22 0000
4860000-02 .1846634-02 e1321763-01 +816045p-00" W4711111~03 e 1274312~01
7098228-01
:6701218'01 -,9531199~01 11197185402 +7424284-00 ~,2882098+08 11962652408
.91237 ,80285 1.647 45,263 5436,0% 63,853 .17969-01 7310.97 .0000
,4880000-02 01611479-02 11219832-01 ,8319237-00 .4711111-03 v1084704-01
67,6823-01
P 93499 82017 1.6352 15.20%1 5434,2% 63,333 ,17835-01  7329.52 »0000
.4880000-02 .1605549-02 +121750%-01 .8322675-00 .4711111-03 +1080430-01
6695294~01
:29529/7-01 =-,4161844-01 11196427401 . 7381324~00 ~,4773461+08 02686091408
093499 ,82017  1.627 15.201 4792,72 63,333 ,14688-01 B8014,00 .0000
.4575003-02 .1430511~02 «6154981-01 +9212603~00 ,4416669-03 +2835246-03
3990503-03 :
118393/0-01  =:2455875-01 +1214288+401 +9441450-00 ~,4374577+08 +3211207+08
1.2509% 1,06822 1.705 15,000 4732.90 55,751 .13168-01  8322,29 1.4442
,4575003-02 .1277600~02 16159566=01 ,9229923~00 L4416669-03 +2175814~-03
3071063-03
:1178524-01 -.1558423~01 +1214785+018 +9409309-00 ~,4630792+08 +3463021+08
.93993 ,83843 1.658 31%.129 5430037 62,764 +17691-01  7349,76  .0000
,4880000-02 .1600348+02 +4215230-01 .832615%7-00 .4711111~-03 11076366=04
66145912-01 : .
'2868950-01 -.4042356-0%  .119610340%  .7380438-00  -,4750973+08 _ ,2700951+08
193993 ,83841 1.633 15,129 4787,26 62,764 ,14574-01 8036,48 . 0000
,4575003~02 +1419154-02 +6155309-01 ¢9213906-00 ,4416669-03 02783111~03
3917700-03
11775859-01  =.2369793-01 v1214345+01 +9439280~00 ~.4392547+08 23229249408
1.2564)  1,08868 1.712 15,000 4704.84 55,111 .13040-01 8349,42 1.4470
,4575003-02 .1270296-02 16459683-01 29230965-00 ,4416669-03 22141907-03
,2025925-03 : _
,1176617~0%  =,1555316-04 11214855401 +9406061-~00 ~,4653426+08 13485637408
= 113623402  ARcA RATIO = .1579401
R X . MACH  THETA T (DEG.R) P (PSI) DENSITY VELOCITY CF
AR H H2 K20 - N2 0
c2 .
AA 88 GAMMA CPL{BTU/LB) SUM CleH] Vae2/2
.33558 ,42931 4.204 3,249 5668.,06 130.839 ,30637-01  S5869.3%5 ,0000
.4798002-02 . 263766702 +2851504~01 .8823969-00 ,4593335-03 «6120145-02
1708295-01 .
:7488028'01 -.1065767+00 11200649401 .8348638-00 ~,2741878+08 11722461408
59745 ,60881 1.43%  8.882 5496,46 93,966 .22854-01  6878,02  .0000
,4758002-02  .2378008-02 +2786358-04 ,894473g~00 ,4593335~03 14976453-02
1448934-01 -
:6153759-01 -,8672373~01 «1200148+01 .8306485-00 ~,3143124+408 ¢ 2365360408
59745 ,60881 1.404 8.882 5611.43 93,966 ,25379-01 6362,11  .0000
,4880000~02 .1827437-02 +1313456~01 +8173597-00 ,4711111-03 11258372~014
7068593-01 : '
:6748763-01 -,9589g71-04 v1197106+04 ,7420600-00 -,2943549+08 .2023820+08
.92223 ,83914  1.659 45,134 5428,33 62,652 .17665-01  7353,56  .00Q0

«48E0000-02

66288555-01
.G4a488

,48350C0~-02

+1600304-02

85676 1.663
+1595288-32

A A A _ma

+1215005-01 +8326602~00

62,201
2 8329579-00

15.053 5426.47
+11212998-01

PPN P e ) _27RFOGTa-NN

, 471111103 11076046-01

.17549-01
471111103

7369.85  .0000
01072395-01

~-.480B387+nB .2715738+08

+5137489-04

+1341405-05
000 3
2798130701

¢1177192-05

+000 O
+7099889-01

.000 2
07084226-01

11296401-05
000 2
,1005846-01

' ,1668930-05

313,150 3

+8591192-02

11713634-05
,000 2
17065646-01

1296401+08
- .000 2
.9948713-02

11668930-05

313.762 3

«8501254-02
+1728535-05

ISP I
OH

1-suM C(1)
+000 0
15802866-01

+1311302-08
.000 3
+5060095~01

+1341105~05
,000 3
+7505637~01

+1177192-05
«000 O
¢7061134-01

.000 2
27047243-01

+1296401-05

Z0NE



LS-L

.

44 5

44 4

44 4

4 5

MASS FLOW POINT

LRC 1D

45 1

45 4

45 4

45 6

45 4

45 4

45 5

45 4

V1N A

14416669-03

,4575003-02 .1408156-02 16155623-01 .9215174-30 +2732933-03
,3847758-03
«1717509-014 ~.2290802-01" 112143544014 943709670 ~,4410429+08 ¢3247195+08
1.2619%  1,10928 1.749 315.000 4696.67 54,47) ,12912-01  B376.78 1.4498
«4575003-02 «1262769-02 +6159303~01 +$232008-)0 .4416669-03 +2108448~03
.2960954-03
11174523-01  ~.1551516-01 11214925401 «9402757-130  ~,4676331+08 »3508525+08
\54979 ,87507 1.668 14,975 5422.53 61,647 .17409-01 7389.,78 ,0000
.,4880000-02 .1590378~02 +1210810~01 .8332937-90 +,4711111~-03 ¢1068521-01
,60667993-01 -
,2754280-04  ~.3876732-Q1 +1196060+01 J7378629-000 2 ~,4825699+08 2730441408
. 949/9 ,87507  1.644 14,975 4776,27 61,647 .14351-01  8080.88 0000
.4%75003-02 .1397560~Q2 16155923-01 .9216403-nQ ,4616669-03 ¢ 2684833-03
.3/80790-03 _
+1665112-01 ~=.2219714-0% 112143844014 +9434898-00 ~,4428212+08 ¢3265034+08
1.26748 1.12989 1.726 15.000 4688,43 53.831 .12784-~01  B4p4.,24 1.4526
4575003-02 .1255274~02 +6159922~01 .9233047-00 . 4416669~03 :2074772-03
:1171194-01 -,1546228-01 14214597+01 19399412-00 -,4699387+08 1 3531566+08
48 = +13869+02  AREA RATIO = . 11607404
R X : MACH THETA T (DEG.R) P (Psl) DENSITY VELOCITY CF
AR H H2 K20 N2 0
c2
AA BB GAMMA CP(BTU/LB) SuUM CIeH] Vena2/2
+31324 43639 1,204 3.073 5668.,06 130,839 ,30637-01  5869,35 .0000
,4758002-02 .2637647~02 +2851804~01 «8823%69-00 v 4553335-03 v6120145-02
1728295-04
:7488025'01 *,1065767+00 11200649401  .B8348638-00 ~,2741878+08 11722461+08
60206 63764 1.462 9,279 5477.12 90,613 ,22133~01 6977.70 «0000
,4758002-02 +2351443~02 12779596-01  .8957289~00 14593335~03 14862824-02
1422354=03
:6169511‘01 -.8681942-04 v1200112+01 .8301572-00 -,3209471408 12434416408
L 50206 ,63764  1.428 9,279 5593,64 90,613 ,24572~01 6459,12 ,0000
,4882000~02 +1808114-02 ' 1305032-01 +8186914-00 +4711111-03 +1242329-01
,7038518-01 }
,6784499-01" ~.9628080-0% +1197p929+01 « 741681600  ~,3005973+08 +2086013+08
93204 ,87559 1.670 414.982 5420,59 61,51 .17376-01 7394.47 »0000
T ,4880000-02 ,1589885~02 +1210434-01 ,8333594-00 W4711111-03 ¢1067911-01
,6667671-01
'55470 ,89350 1,674 14,895 5418,52 61,094 .17269~01  7409.70 .0000
,488p000-02 .1585552-02 +1208644-04 .8336268-010 4711111-03 +1064697-01
-, 6659352-01
:2718015-01 -.3823004-01 +1196040+01 «7377704~00  =,4843068+08 +2745181+08
95470 ,89350 1.649 414,895 4770.68 61,094 .,14240-01 B31p2,98 . 0000
,4575Q03-02 ¢1387259-~p2 16156210~01% ¢ 921760600 +4416669-03 12638296~03
3/16140-03
:16176/3-01 -.2155193~01 01214419+04 1943267p-00  ~,4446041+08 +3282913+Q8
1,27304  1,15067 1.733 35%.000 4680.09 53,493 .12656-01  8431.88 1.45%4
+4975003-02 +1247763-02 +6160043-01 +9234086-00 ,4416669-03 12041591-03
2892195«03
:1167}95-01 ~,1540152-0% +1215074+01 9395601900 =,4722668+¢08 +3554832+08
.$5958 ,91190 1.679 14.814 5414,45 60,547 ,17131-01 7429.60 0000
.48E0000-02 +1580829~02 +1206504-04 +8339563-010 471111103 +1060936-01
6650911-01
,2592050-01  ~.3785592-01 v1196121+01 " 7376763-00 ~-,4860474+08 12759945408
© T ZauaR Q140n 1.655 44.R14 4765.03% 60.547 ".14131-01 8125,n4 00230

11683831-05
314,374 3
+8411098-02

11728535-05
000 2
+7029027-01

+1311302-05
.000 2
19737983-02

11683831-05

314,981 3
18321296~02

1y1728535-05

T 1sP 1T
OH

1~SUM C(1)
000 0
. 5802866-01

+1311302-05
.000 3
+14981887-04

+1341405-65
»000
17828944-01

+1177492-05
000 O
¢7023826-01

.000 2
+7010835-01

+1311302-05
000 2
19636283-02

+1683831-05
315,589 3
+8231429-02

+11743436~05
000 2
16992695-01

»1311302-05
.0n0 2

ZONE



{

C e’

52,556

45 5 1.2786% 1,1714% 1.741 15%.000 4674,67 ..12528-01  8459,6% 1.4582

) ,4575003-02 .1240297-02 1636016301 »9235120-09 +4416669-03 +2008833-03
02848466'03 . °
,1162623-01 =.1532895-01 11215145+01 +9392583~03  ~,4746100+08 +3578252+08

MASS FLOW POINT 49 = 214099+02  AREA RATIO = 11633401
~ LRC 1D R X MAGH THETA T (DEG.R) P (Pgl)  DENSITY VELOCITY CF
AR H W2 : © 'H20 N2 0
c2 '
AA 88 CAMMA CP(BTU/LB) SUM CleHl Ven2/2

46 1 290064 ,442986 1,204 2,089 5668,06 130.837 ,30637-01  5869,3% ,0000
,4/758002-02 .2637667-02 «2851804-01 ,8823969-3) ,4593335-03 +6120145-~02
.1708295~03
.7488028-01 =.1065767+00 +1200649401 «8348636-1) ~,2741878+08. 01722461408

4@ 4 60692 ,66677  1.487 9,669 5457,40 87,322 .21422-04 7077.35 .0000
«4758002~02 ' 2324774-02 1277279704 »8969%23-01 +4593335~03 14749474-02
«1395617-01 _ ‘

,6163832-01 -.8662724~0% +1200080+01 B296525-3)  =,3276611+408 ,2504442+08

46 4 60692 ,66677 1,453 9,669 5575,52 87,322  ,23777-01  6556,06 ,0C00
, 488000002 .1788746-02 +14296511-01 .8200368~10 (471111103 +1226227-01
,700680/5-01 :

,6801503-01 =.9640508-01 +1196952+01 - .741293§-03  ~,3069230+08 +2149096+08

45 6 94178 ,91220 1.680 14.817 5412:67 60.40%  ,17096-01  7434,62 «0000
,4880000-02 ,1582002~02 01206024-01 «8340359~J9 ,4711111-03 «1060123-01
,6649847-01 )

46 4 ,96447 ,93041  1.684 14.733 54410.30 59,993 ,16992-01  7449,58 .0000
,4860000-02 .1576146~02 11204368-01 .8342855-30 v4711111-03 +1057493~01
,6642596-01
W2672393-01% -.3756639-01 +11196002+01 +7375806-00 -,4878035+08 12774816408

46 4 96447 ,93041 1.660 14,733 4759,27 59,997 ,14021-01  8147.19 .0600
.4575003-02 .1367583~-02 0 6156745-01 +9219929-00 ,4416669-03 +2549919-03
,3563745-03
,15935716-04  =.2043691-0) «1214494+01 «94281121-00 ~.,4481886+08 .3318838+08

46 5 1,268423 1,19240 1.748 15.000 466317 51,921 .12400-01  8487.47
»4575003+02 .1232822-02 +6160285-01 29236152~00 ,4416669-03 ¢1976306-03
,28(5006-02 :

. : ,1157068-01  -,1524545-01 11215221+01 29389103~00 ~,4769719+08 »3601860+08

46 4 96951 ,94890  1.680 14.652 5406.07 59,453 ,16854-01  7469.64 . 0000
+488g0000-~02 +1571530~02 +1202245-01 . 8346132-00 ,4711111-03 11053488-01
.66343555-01
$2664138-01  =,3741936-0% ¢1195985+04 +7374829-00  ~,4895722+08 «2789775+08

46 4 96933 ,94890 1.666 14,652 4753,42 59,453 1391201 816%.41 .G000
,4575003~02 .1358158~-p2 «6156993~01 «9221056-00 ,4416669-03 +2507802-03
,3935602-03
,1501312-04  ~.1996539-04 +1214534+04 «9425773-00 ~-,4499980+08 13336964408

46 5 1,28985 1,21337 1.753 15.000 4654,59 51,288 ,12272-01  8515,42 1.,4637
.4575003-02 .1225405~02 .6160406-01 «9237177-00 ,4416669~03 11944239-03
W2762138-03

. ,1150995-01  ~.4515507-0% 01215299+01 ,938558g~00 ~,4793490+06 +3625619+08
MASS FLOW POINT 50 = 114312402  AREA RATIO = 01664408
LRC {0 R b S MACK THETA T (DEG:R) P (PSI) DENSITY VELOCITY CF
ég H H2 H20 N2 0
Y B8 CAMMA CP(BTU/LB) SUM CleK] Vea2/2
. 47 1 .20847 .44908  1.204 2:697 5668,06 130,839 +30637-01  5869.35 «0000
{ ,4;5820§°02 263766702 ,2851504-01 .8823969-00 .4593335-03 . 6120145-02
,12.82Y5-01 . :
748802801  =.106576700 ©1200649+01 .8348633-00 ~,2741878+08  ,1722461+08
MR PRy csv™ e - DA .o mfATNL LN T474& _£OQ .nnnn

316,193 3

+8142004-02
+1743436-05

isP r
OH

1~sUM C(D)

000 O
15802866-04

»1311302-03
000 3
+4903065-01

+1356006-05
000 3
07751406-01

+1192093-05
000 O
16987185-0%

000 2
8974474~-04

11311302-05
.000 2
. 9439343-02

«1683831-05

1.4610 316,796 3

+8052640~02

+1743436-05
000 2
16956220-01

'1311302‘05
000 2
+9343619-02

11683831-05

317,396 3

+7963806-02
11743436~-05

‘1P 1T
OH

1-SUM C(1)

.000 O
1580286601

.13113D§'05

.nAnn

ZONE

ZONE



65—

47

47

47

47
4/
47
47

47

MASS FLOW POINT

LRC 1D

48

48

48

48

l 48

1

.2298076~02

-‘753002.02
.1368859-01
,6142602-0L -.8620286~0%

+ 61203 69621 1.477
.4880000-02 « 176929902
6977357-01 ,
26799153-01 -,9524809-04

.95146 .94900 1.694
.4800000-02 +1570471-02
,6632722-0%

«07416 , 96751 1,693
,48800G00-02 ,1566920~-02
662613003
«2660616-01  =.3734584-01

1974186 ,96751 1.672
,4575003-02 +1348923~02
« 347899403
«14£69039-03 =,1952543-04

1,29558 1.23450 10763
+4575003~02 .1217987=02
\2719987-03
.1143474-01  ~,1504722-01

.97898 98610 1.700
.4880000-02 1156235502
,6618007-01

-.3734107~04

¢2661080-01
97898

+4575003-02

+3424116-03

,98610 1.677
.1339940-02

12765984~01 «8982594~00
+1200050+04 +8291357-00
10.051 5557.14 84,402
+1287918~04 .8213922-00"
+1196878+01 + 740897600
14,848  5404.48 59,313
+1201700-0L +8347008-00
14,572 5401.77 58,906
+1200115%~01 v8349424~00
11195968401 +7373837-00
14,572 4747-47 58|906

v 6157233-01  »9222168-00

11214575401 +9423384-00
13,000 4645,94 50.658
+6460528-01 +9238205-00
+12153768+01 +9382018-00
14,492 5397.39 58,359
+1197989-01 ,8352707-00
»1195952+01 +7372825-00
14,492 4741.,41 58,1359

+8157462-01 19223259-00

,4593338-03 1463674602
«,3344347408 +2578244+08
v22995~01 6652.66 0000

v4711111-03 +1210412-01
~,3133134+08 12212892+08
.16819-01 7474,59 .0000

.4711111-03 +1052547~01
.16716~01  7489,82 .0000
w4711111-03 +1049779-01
-, 4913612408 «2804872+08
,13802-01  8194.,77 ,0000

,4416669-03 ¢2466693~Q3
-,4518238+08 +3355252+08
+12145-01 8543.45 1.4665

,4416669-03 v1912443-03
-,4817403+08 +135649525+08
,16578-01  7510,12 +0000

«4711111-03 +1046092-04
~,4931675+08 +2820094+08
«13693-01  8214.,24 .0000

.44166659~-03 »2426812-03

«1440124-0% =-,1912962-01 01214619+01 +19420955-00 =,4536646+08 +3373684+08
1,30117 1,25565 1,770 45.000 4637,21 50.031 .12018~01  8573.57 11,4692
1 4575003-02 +1210638-02 16160849-01 +9239215-00 14416669-03 ¢1881134-03
02677673-03 : :
,1136507-01 =.1494361~0% 11215458401 ,9378414~00 =,4841473+08 13673587408
5y = ¢14540+02 ARZA RATIO = ¢1693401
R X MACH  THETA T (DEG.R) P (P57) DENSITY VELOCIYY CF
ég "H- H2 K20 N2 0
AL . BB GAMMA cP(BYU/L) SUM CleHI Ves2/2
124609 .45470 1.204 2.498 5668,06 130,839 .30637-01  5869,35 .0000
,4758002-02 1263766702 +2851504-01 882396900 +4593335-03 +16120145-02
+1708295-0% - -
,7486028-01  ~,1065767+00 »1200549+01 «8348638-00 ~,2741878+08 11722461+08
161744 ,72596  1.533 10.423 5417.03 80.953 ,20040-01  7275,44  .0000
,4758002-02 12271427702 . v2759171-01 ,89952613-00 \4593335-03 °© ,4525000~02
+1342145-01 . .
,61102034-01  -.8550423-04 +1200024+01 ,8286079-00  =~,3412477+08 +2646601+08
61744 ,72596 - 1.502 10.423 5538,55 80,653 ,22230~01 6748,65  .000Q0
.4880000-02 .1749920~02 1279276-01. ,8227536-00 L4711111-03 ¢1194032-01
W 6946389-03
,6/72550-0% ~.9576070-01 +1196804+01 .7404941-00 ~.3197501+08 ,2277213+08
.96107 L98599  1.702 14.478 5396.00 58,226 ,16545-01  7514,77  .0000
.48800060-02 +1561148-02 +1197411-01 . +8353619-00 ,4711111-03 +1045081-01
.6616023~01 o
.7858%  1,004B1  1.706 14.414 5392,95 57,811 .16439-01  7530.,56  .0000
. «4872000-02 1557772-02 - +1195349-01 «8356016-00 »4711111-03 +11042386-01

14823863~01

+1356006~05
+000 3
17673255-01

+1192093-05
000 O
16950673-04

000 2
16937835-01

+11311302-05
Q00 2
19249072~-02

| ,1698732-05

317,995 2

.7875165'02

+1743436~05
000 2
«6919362-01

01326203-05
+000
19156134-02

11698732-05

318,590 2

«7787134~02
11743436-05

IsP 1T
~OH

1-5UM C(1)
000 0
+5802866-01

¢1311302-05
000 3
14744546~01

+1356006-05
.000 3
17594722-01

¢1192093-05
.000 Q
16913949-01

,000 2
16%00728-01

ZONE



09-4

48

48

48

48

MASS FLOW POINT
LRC 10

49

49

49

49

49

49

49

49

49

Y2 1714-03

.1305676-02

/

1

922433800

.6158296-01 . ,922748€-00

,4%575003-02 +1331104+-02 +6157683-01 ,4416669-03 12387755-03
,1413525-01 ~=.1876467~01 212146644014 ,9418480-00 ~,4555232+08 ' 3392294408

1.30649 1,27698 1.774 15,000 4628.43 49,407 ,11892-01  8599.,72 4.4720
.4>7soos-o§ .1203296~-02 16160772-01 +924022600 c4416669~03 11850125-03
,2636110-0
L112/767-0% =,1481949-031 +1215539+01 +9374769-00 ~.4865652+08 ¢ 3697762+08

L95860 1.02351 1.742 14.337 5388,43 57,203 ,16300-01  7551.13  .0000
,4880000-02 +1553217-02 +1193707-01 »835933p0-00 .4711111-03 +1038692-01
.66r:1750-01
,2673199-04 ~.3747459~01 +1195921+01 v 737075200 -,4968448+08 12850980+08

,98860 1.02351 1.68%9 14.337 4728,98 57.263 ,13474~01  8259,62 ,0000
,4975003-02 .1322486-02 .6157894-01 .9225400"00 ,4416669-03 02349761-03
. 3318437-03
,13697/4-01  -.1843708-01 +1214711+01 +9415957-00 ~,4573987+08 +3411062+08

1.31261 1,29832 1.783 5.000 4619.56 48,786  ,11766-01  8627,97 11,4747
,4575003-02 +1196033-02 16160892-01 09241228-C0 ,4416669-03 +1619624-03
,1119186-01  ~.1469598~-01 11215622401 .9371080-C0  =-,4889992+08 + 3722097408

52 = .14691~0? ARZA RATIO = 11723404

R X MACK THSTA T (DEG.R) P (Psl)  DENSITY VELOCITY CF

ég H H2 H20 N2 0

AA 88 GAMMA cP{BTU/LS) . SUM CleH] Var2/2

22372 ,45982 1.204 2.292 668,06 130,835 ,30637~01 5869.35 ,0000
,4758002-02 .2637667-03 1285150401 .8823969-00 ,4593335-03 .6120145-02
,1708293-01 '

,7488028-01 =,1065767+00 11200649401 ,8348638-00 =~,2741878+08 »1722461+08

062304 975605 10559 100753 5396053 77.915 .19)73"01 7373.27 00000
.4758005-02 +2244916-02 02752391-01 .9007882-~00 .4593335-03 +4414625-02
.1315564-01 :

,6039339-01  ~-.8450255-01 «1200001+01 .8280712-00 ~,3480731+08 «2718255+08

«62304 ,75605  1.528 10,783 5519,82 77,915 ,21484-01  6843,71  .0000
,4880000-02 .1730642~02 11270616~01 .8241162~090 .4711111~03 ¢1178044-01
,6915324-01
,6725156-01  =.9497008-01 ¢1196733+01 ,7400846-00 ~,3262078+08 .2341816408

,97061 1,02319 1.743 14,312 5387.23 57,446 ,16271-01  7555,34  .0000
.4880000-02 +1551931-03 0119313904 . .8360244-00 .4711111-03 «1037656-01
,6599534~-01 ,

,99340 1,04233  1.747 14,261 383,87 - 56,715 ,16161-01  7571.84 , 0000
,4880000-02 .1548631~02 21191546~01 ,8362672-00 ,4711111-03 «1034972-01
,65935/9-01 .
,2679185-01  =.3754762-01 01195905401 ,7369693-00 ~,4987150+08 .2866634+08

.99340 1,04233 1,695 34,261 4722.62 56,715 ,13364-~01  8282,51 ,0000
,4575003-02 .1313986~02 16158099-04 .9226452-00 ,4416669-03 ~  ,23124586-03
. 3267391-03
,1366802-08  =.1812251-01 +1214760+01 ,9413391~00  ~,4592906+08 +3429997+08

1,31837 1,31984 1.793 15.000 4610.,65 - 48,169 ,11640-01  8656.,22 1.4774

,45/5003-02 .1188784-p2 «61610915-01 .9242226-00 ,4416669-03 ¢1789458-03
(2554723~03 '

.1179404-01  ~.1455787-01 .1215706%01 +9367362-00 ~.4914401+08 13746504408

099816 1306114 1-723 1‘0186 5379023 560166 .16022"01 . 7592|67 00000
,48E0000~02 +1544065-02 +1189382-01 «836602Zz-00 \4711111-03 +1031256-01
.6585432-013
L26%1008-01 -.3769573-04 v1195891+01 27368615~00 -,5006049+08 +2882435+08

AT Y 1,06114 704 14.186 4716.16 56,166 «13254-01 8305.54 .0000
.4575003-02 ,4416669-03 ,2276096-03

Ag L aADA . AD YA404n141R

+9064104-02

319.185 2
17699397-02

"+1758337-05
.000 2
+6881986-04

+1326203-05
000 2
»8973430-02

+1713634-05
319.776 2
07612316-02

+1758337-05

. ISP 17
OH

1-5uM c(1)
000 0
+15802866-01

11311302-05
.000 3
,4665398-01

11370907-08
.000 3
17516112-01

11192093~05
000 O
16876820~01

000 2
16863079-01

v1341105-05
000 2
,888349%9=-02

«1713634-05
320.366 2
.7525670-02

+1773238-05
000 2
«6844054-01

»1341105-05
«B8794758-92

.17285615-n5

\\_/.

ZONE



19-4

49 5 1,32415 1,34138  1.801 15,000 = 4601.65 47,555 .11515-01  8684,53 11,4801
.4575003-02 .1181624-02 +6161434-01 +9243214-00 . 4416669-03 +1759818-03

2514926-03 :

'1099807~01  =.1442100-0% 11215794+04 ,9363596~00 -,4938974408 3771074408
MASS FLOW POINT 53 = ,14897#D02  AREA RATIO = 11753401
LRC ID R X . MACH THETA T (DEGWwR) P (PSI}  DENSITY VELOCITY CF

eg H H2 H20 N2 0

AA 88 GAMMA © T CP(BTU/LB) SUM CIeH] Vea2/2

S0 1 «20135 ,46446 1.204 2.080 5668,06 130.83¢ ,30637-01 5869.35 .0000
.475800%-02 «2637667-02 +2851504~01 .8823969-00 ,4593335-03 +6120145-02
.1708295-01 ‘

,7468028-01  ~.1065767+00 . 41200649401 ,8348638~20 ~.2741878+08 +1722461+08

50 4 62893 .78646 1-553 110126 5375092 . 74,969 '.18726’01 7469083 0000

. +4758002-02 .22168623-02 +27455668-01 +9020407~00 +4593335-03 .4305989-02
,1289205-01 _
,5957052-01  =.8322414-0%1 - 1199981401 .8275277~20 ~.3548840+08 ,2789945+08

50 4 L62893 ,78646 1,550 11.126 55014.04 74,967 ,20760-01 . 6937,50 .0000
.4880000-02 .1711526-02 +1261967-01 +8254750~30 . 4711111-03 +1162201-01
,6864223-01 :

. ,6653883-01 =.9384550-~01 v1196664+01 J7396710-20° ~,3326611+08 1 2406445+08

5S¢ 6 ,98010 1,06060 1.724 14.150 5378,19 56,084 ,15996-01  7596,38 . 0000
.2530003-02 .1542751-02 .1188802-01 LB8366915~230 (A4711111-03 11030229~014
,69583109-01 :

S0 4 1.00294 1,08008 1.729 14.113 5374.55 55,617 ,15883-01 7613.63 .0000
+4860000-G2 .1539457-(2 «1187198-04 .836%9402-30 ,4711111-03 +1027513-0¢

6577217-01 ’
12698726-p1  -.3779334-01 +1195876+01 .7367527~30  =,5025160+08 2898367408

50 4 1000294 1.08008 19707 140113 4709061 55'617 .13144"01 8328-69 -0000
,4575003-02 +1297458-02 16158489~01 .9228517-30 ,4416669-03 +2240322-03
03168888'03
,1326998-01  =.1757233-03 +1214861+01 .9408134~230 ~ ~,4631243+08 .3468358+08

50 5 1.32997 1,36310 1.808 45.000 4592,63 46,947 ,11391-01  8712.85 1.4828
«4575003-02 .1174485-02 16161255~04 «9244196~-20 ,4416669-03 +1730531-03
,247559%-03 : )

,108%119-01 -,1427088-01 - 1215877401 ,9359804~30  ~,4963588+08. «3795687+08

59 4 1.06768 1,09900 1.734 14.040 5369,80 55,5608 ,15743-01  7634,72  ,0000
,4880000-02 «1534867-02 +1185007~01 .8372792~00 ,4711111-03 ¢1023773-01
6569012-01
'2711514-01  =.3795577-01  +1195861%01  .7366420-00 - -,5044468+08 2714447400

Sg 4 1.00768  1,09900 1.743 14.040 4702.95 55,060 ,13033-01  8351,99 0000
.4575003-05 ,1289420-02 +61584674-01 +9229532~00. ,4416669-03 ,2205392-03
(3121264-0 : . )

,1309010-01  ~.17323712-01 11214915401 (9405433~00 ~,4650664+08 ¢ 3487787+08

S50 5 1.335/9 1,38484 1.814 15.000 4583,51 48,134, ,11267-01 8741,25 11,4855
.4575003-02 .1167443-02 «6161372~01 ,9245169-00 ,4416669~03 +1701780-03
,2436897-03 .

' ,1078707-01 -.1412309-0% ° .1215965+01 +9355961~010 ~,4988370+08 ¢ 3820469+08

MASS FLOW POINT 54 = ¢15007+02 . AREA RATIO = v1764401

LRC ID R % MACH THETA T (DEG.R) P (PsI'  DENSITY VELOCITY CF
- AR . H2 H20 N2 0
c2 ] :
AA - BB GAMMA CP(BTU/L B! SUM Cl#Hl Ves2/2
51 1 L L7898 ,46861 1.204  1.863 5668,06  130.839 ,30637-01  5869,35  .0000
A a aa Arewmizr_nD ARC I ENnA=N] LRA23960-010 . 4593335-03 +6120145~02

320.952 2
17439727-02

+1773238-05

IsP 7T
OH

1-SUM C( D)
.,000 O
,5802866-01

+1311302~05
»000 3
14586726-01

+1356006-05
»000
17437724-01

' +1192093-05
+000 O
16839200-01

,000 .2
.6824866-01

+1341105-05
.000 2
,8706633-02

+1728535-05
321,539 2
+7354305-02

+1773238~05
,000 2
16805561-01

¢1341105-05
000 2
18619563-02

+1728535-05
322,120 2
+7269622-02

01773238-05

1sP 1T

OH |
1~SUM CL1)

.000 ©

+5802866-01

20NE

ZONE



29-4L

L=

+2192634~02

+2739030-04

«9032784~20

+4758002-02 .4593335-03 24199485-02
01263162-01 :
: «5851709-01 ~.8163209-0% 41199965401 +8269805-90 ~,3616444+08 12861216408
51 4 263506 817214 1.574 414.430 5482.31 72,133 ,20061-01 7029.61 . 0000
.4880000-02 «1692639-02 +1253366-01 .B268244-20 ,4711111~03 - .1146564-04
.6853192-01
1655595301 =,9235172-01 11196598+01 »7392557-30 ~-,3390761+08 22470770408
51 & ,98954  1,09825 1.7335 43,994 5368,92 54,982 .15721~01  7637.88 .0000
,4880000-02 «1533565-02 ¢1184447-01 .8373648-)0 ,4711111-03 11022775-01
. «0566646-01
51 4 1,01244  1,11B07 1.740 13.970 5365,02 54,52) .15604-01  7655.91° ,0000
.2830900—02 .1530232-02 +1182797~01 837621230 v4711114-03 +1020001~01
,6560711-01
¢2720910-01  ~.3807119-01 +1195847+01 +7365304-30  =,5063970+08 12930650+08
51 4 1,u12%4  1,11807 1.719 33.970 4696,22 54,52) .12923-01 8375,38 .0000
,4575003~02 +1281436-02 +6158854-01 +$230540~ 230 ,4416669-03 «2170982-03
.3074418-03 :
.1291830-01 =-,1708545~-01 v1214969+01 »9402700~ )0 -,4670220+08 +3507351+08
84 8 1.34166 1,40676 1.824 45.000 4574,38 45,741 ,11145-01 B769,55 41.4882
.4975003-02 +3160430-02 086161491-01 0924613510 14416669-03 +1673407-03
. 2398897-03 . .
.1066657-01 -,1395689-04 012160954401 <9352100-10 ~,5013154+08 +3845254+08
51 4 1,01716 1,13711  1.746 43.900 536015 53,972 .15464-01 7677,24 » 0000
,4830000-02 +1525615-02 +1180879-01 ,8379643-10 .4711111-03 0101623401
 6552427-01 ’
.2733246-0%  ~.3822938-01 «1195833+01 .7364168~30 ~,5083568+08 + 2947004408
51 4 1.,01716 1,1371%  4.725 13.900 4689,39 53,972 ,12813-01  83%98.92 .00Q0
. 457500302 +1273618-02 +6159031~01 ¢9231535~230 ,4416669-03 .2137342-~03
.3028661-03
01275814-01 -,1686330-01 c«1215025+04 «9399919~30  ~,4689956+08 13527093408
51 5 1.34755  1,42874 1.83% 135.000 4565,15 45,144 .11022-01  8797,97 4.4909
«4575003~-02 .1153520-02 1616160701 ¢92470%9p-00 14416669-03 +1645577-03
02351224'03 . .
,1055400-04  =.1379840-0%1 .1216145+01  ,9348185-00 -,5038109+08 +3870210+08
MASS FLOW POINT 55 = »15141402 AREA RATIO = 1816401 .
LRC 10 R X MACH THETA T (DEG.R) P (PSl) DENSITY VELOCITY CF
éR H H2 H20 - N2 0
2 .
AA BB GAMMA CP{BTU/LB) sUM CleH] Vea2/2
52 1 +15660 47227 1.2p4 1.640 5668.06 130.839 .30637-01 5869.35 .0000
,4758002-02 0263766702 12851504-01 +8823969-~30 14593335-03  ,6120145-02
.1708295-014 :
,7488028-03%  =.1065767+00 21200649401 ,8348638-00 =-,2741878+08 01722463+08
52 4 164145 ,84830 1,631 11.75% 5334,94 69,426 .17500-01 7657,35 0000
,4758002-02 12167031+02 1273250904 +9044958-00 14993335-03 14095510~02
123753401 :
JE/253%4-01 ~,7974770-03 +1199952+0% .8264333-00 =,3683154+08 +2931750+08
52 4 164145 ,B84830 1.598 11.751 5463,78 69,426 .19389-01  7119,58 .0000
,4880000-02 »1674046-02 +1244851-01 .8281580-00  ,4711111-03 11131196-01
,6822328-01
.6431240-01 -.9048535-01 +1196533+01 .7388415-70 ~¢3454157+08 12534422408
‘52 & W998Y2  1,13612  1.747 13.843 5359,43 53.901 .15446-01  7679,83 0000
,4880000-02 +1524351-02 +1180048-01 +B8380449-00 (471111103 ,1015283-01
,6550089-01 :
52 4 1.°2190 1.15%630 1.752 13.833 5355,27 53,425 .15324-01 7698.66 . 0000

» 488000002
J8oa4044-0Y

Tr AR ana

»1520951-02

e TRTAA4AE&enNE

+1178341-01  .8383105-30

910843 eny

~7363N0124~1N

«4711111-03 01012433-01

-.5103552+n8

12963471408 -

14508886-01

|13560°6‘05
,000 3
2 7359946-01

$1192093-08
.000 O
06801064-04

000 2
16786103-01

11341105-05

+000 2
+8533046-~02

+1728535-05

322.702 2

+7185569-02

11773238-05
.000 2
16766523-01

+1356006-05

000 2
«8447486-02

+1743436-05

323,279 2

«7102297-02
+1788439-05

. 1sP 1T

OH

1-SUM C(1y

000 O
»58028664-01

11311302'05
,000
+4432258-01

«1370907-05
,000 3
v7283192-04

¢1206994~05
«+000 O
16762420-01

.000 2
+6746795-01

+13560006-C5

ZO0NE



£9-L

1126586102

«4575003-02 +6159203~01 «9232525=30 14416669-03 ¢2104169-03
«2983557-03
11259999-04 =.1664413-04 +1215083+01 +9397404-00  -,4709820+08 +3546963+08
52 % 1.35347 1,45083 1.83% 45,000 4555.92 44,555 .30901-01  8826,26 11,4935
«4575003-02 v1146645-02 1616172403 19248037-00 +4416669-03 11618143-03
2324233-03 . T
‘:1043111-01. -.1362783-01 11216236401 +9344256-30  ~=,5063035+08 13895141408
52 4 1.0266% 1,17547 1.758 . 13,766 5350.30 52.877 ,15185-01  7720.23 .0000
.4880000~02 +1516307-02 +1176097-01 .8386577-00 .4711111-03 ¢1008639-01
6535680-04 . »
- :2/54768‘01 -.3849864-01 »1198805+01 +7361859-30 ~,5123634+08 +2980099+08
52 4 1,02661 1,17547 1.737 43.766 4675,49 52.877 .12592-01  8446,32 .0000
14575003-02 +1258248-02 +6159369-01 +9233503~00 ,4416669-03 +2071709-03
2939474-03
:1245669'01 -.1644425-01 11215142+01% 9394244 -0C -,4729870+08 +3567017+08
$2 5 1.35941 1,47299 1.B47 48,000 4546,59 43,967 .10780-01  8854,65 1.4962
,4575003-02 .1139881-02 16161836~01 19248%74~0C +4416669-03 ¢1591251-03
.2287975-p3
+1031133-01 ~,1346035-01 41216329401 19340273~0¢0 ~,5088137+08 +3920245+08
MASS FLOW POINT 56 = 115259402  AREA RATIO = +184€4+0q
LRC ID - R X MACH THETA T (DEG.R} P (Psl) DENSITY  VELOCITY CF
AR H H2 H20 N2 0
€2 .
. AA 88 GAMMA CcP(BTU/LB) SUM CleH] Vaa2/2
53 « 13423 LA7544 1.209 1.414 5668,06 130.83% ,30637-01 5869,35 .0000
.4;58202'02 263746703 +2851804+01 1 8823%969~00 ,4593335-03 16120145-02
170829%-0%
:7488028°01 -.1065767+00 21200649401 B3485838-00 ~.,2741878+08 ¢1722461+408
53 4 164806 ,87973 1,653 12,025 5314,84 66,850 v16926-01  7747,38 . 0000
+4758002-02 .2141898-p2 12726136~01 .9056874~0¢C 1 4593335-03 ¢3994437-02
1212408-0) '
'5578154-01  =.7758018-01  ,1199944%01  .8258901-0f =,3748579+08  .3001098+08
83 4 JE4B06 ,87973 1.624 12.025 5445,57 66,850 .18747-01 7206,98 . 0000
+4830000-02 v1655812-02 «1236464-01 +8294695-3( ,4711111-03 «1116161-01
© 679173401 .
,6280095-04 -.8825689-0% . 41196470401 «7384315-00¢ =,3516423+08 12597025+08
53 & 1,50827 1,17424  1.758 43,699 5349,73 52,823 ,15174-01 7722,20 .0000
: +48£0000~02 <1515100-02 +1175603-01 .8387321-00 ,4711111-03 +1007749-01
.6533410-01
53 4 1.063153 1,19478  1.764 13.703 5345,32 52,332 .15045-01  7744.,87 .0000
.4860000-02 »1511615-02 +1173832-01 +8390079~00 (4711111-03 +1004812-01
W6527212-01
.27:0924-01  ~.3857825-014 01195794401 «7360687-000 ~,5143886+08 12996827+08
53 4  1.03153  1.,19478 1,743 43.703 4668,43 52,332 «12482-01  8470.17 0000
,4975003~02 +1250689-p2 +6159534-01 ,9234475~00 . 4416669-03 ,2039682-03
Z895988-03
:123;146-01 -,1624273-0% 14213202401 2939134500 ~,4750033+08 +3587185+p8
53 5. 1.36539  1,49531 1.855 315.000 4537,28 43,383 .10661-01  8882,88 11,4988
+4575003-02 +1133158-02 +6161950~0% . .9249902-00 +4416669-03 +1564776-03
. 2252225-03
¢1017821-04 =.1327803-04 01216423401 19336281-00  ~,5113169+08 ¢ 3945282408
53 4 1.03602 1,21407 1.770 13.639 5340.25 51,785 .14906-01  7763.66 +0000
: «4860000-02 +1506944-02 v 1171562~01 «839359¢-00 y4711111-03 «1000991-01
,65187/0-01 .
. .2774828-01 -.3874852-04 +1195778+01 07359493130 -,5164336+08 +3013721+08
{ 53 4 1.53602  1,21407 1,730 13.639 4661.25 51,786 .12372~01  B494,17  .000O

- - s mAT AL L _n

24 ED AN M

o R R B O R

841KA6Q-nT .9onnB3I23~-n3

18362420-02

+1743436-05
323,856 2
,7019739-02

14773238-05
000 2
16726940~01

11356006-03
000 2
+8278240-02

+1758337-05
324,428 2
16937976-02

1178813%9-05

ISP 17
OH

1~-SUM C(1)
000 O
+5802866-04

+1311302-05
«000
+4357217-01

+1370907-05
.000 3
¢7207881-01

+1206994-05
000 O
16723283-01

,000 2
186706950~01

11341105-05
000 2
,8194533~02

11758337-05

325,000 2
v6857029'02

+1803041-05
000 2
16686R34-01

+1356006-05

000 2
".R141450-n2

ZONE



1.37328

017829501

Taluni1Rant

- ANARDPTATHAN

. P
\
~

4527,.87 42{511

_42ANRA0SNY RRABARA-NA

53 5 1,51767 - 1.863 1%.000 .10542-01  8911,22 1.5014
- +4575003~02 «11265%4~02 16162059~01 +9250819-00 «A416669-03 01538845-03
- 2217209-03 .
:10055?0'01 -.1320666~-01 11216519+01 +9332233-00 ~,5438378+08 +39704964+08
MASS FLOW POINY 37 = 115342402  AREA RATIO = +1084401
LRC 10 R X . MACR THETA T (DEG.R)} P (Ps!) DENSITY VELOCITY CF
AR M H2 H20 N2 0
€2
AA B8 GAMMA CRIBTU/LS) SUM Glenl Vas2/2
54 3 011186 47813  1.204 1.184 5668,06 130.839 .30637-01 5869.35 .0000
: ,4758002+02 0263766702 +2851504~01 .8823969-00 ,4593335-03 +6120145-62
1708295-01
"7468028-01  ~.1065767+00  .1200649401  .8348638-00  ~,2741878+08  ,1722461+08
54 4 + 65490 91148 1,678 32,267 $295,20 64,414 .16382-01  7834,35 .0000
,4/58002-02 211730502 1271993801 +9068482-30 ,4593335-03 +13896587-02
11278/5-01 :
:5429511-01 =-.7513354-01 01199932404 +8253550-20 ~,30812342+08 +3068851+08
54 4 65490 - 931148 1.643 42.267 5427.,82 64,414 .18138-01 7291.37 . 3000
,4880000-02 +1637996-02 +11228234-01 .83075331~00 »4711111-03 +1101512~-01
«6761503-0% _ :
.61032/7-0%  =,8568432-01 11196410401 +7380285-30 ~=,3577197+08 ,2658206+08
54 6 1.01797 1.,21259 1.770 13.561 5339,83 51,747 .14896~01 7764,97 .0000
,4880000-02 ,1505810-02 1471131701 1839426420 ,4711111-03 +1000173-0¢
65:6602-04 :
54 & 1.040/3  1.23351 1.776 43,579 5335,16 51,241 .14765-01  778%,51  .0000°
.48£0000-02 ,1502226~02 41469274 -01 +8397132-20 ,4711111-03 19971383+-02
~ .6510222-01 : .
3 «2762013-0%  =~,3883537~01 21195764404 »7358293~3¢ ~-,5184950+08 »3030712+08
@ 5¢ 4 1.040/3 1,23351 1.756 13,579 4654.03 51,241 .i2262-01 85318,23 ,0000
,4575003-02 .1235890-02 16159849-01 »92363%1~230 ,44166569-03 11977365-03
2811464-03 . :
'1204157-01  -.1586654-0%1  .1215327+01  .9385422-30  -,4750850+08  ,3628010+08
54 5 1.37742 1,54020 1.870 15.000 4518,48 42.242 ,10424-01  8939.,37 1.50G40
+4575003-02 «1119991-02 16162170-01 1925172630 1 4416669-03 +1513333-03
02182712'05
+9919366-02 ~.1291985-01% +121661540% ,9328180-30 -,5163495+p8 +3995620+08
54 4 1.04544 1.25293 1.782 13.519 5329.98 50,697 ,14627-01 7807.53 . 0000
,4880000-02 .1497533~02 ¢ 1166975-01 «8400683~-20 A4711111-03 19932940-02
.65G1701-01 '
2793514-01  =.3897815-04 +1195752401  .735707p-30 ~.5205762+08 ,3047873+08
5¢ 4 1.04541 1,25293 - 1.762 43,519 4646,69 50,697 .12152-01  8542.45 .0000
+4575003-02 +1228645-02 +16160000-01 »9237336-90 14416669-03 +1947038-03
27703/2~03 .
, :1191708-01 ~,1569131-01 21215391401 ,9382394-00 ~,4811509+08 , 3648671408
: 54 5 1,38346 1,56276 1.878 15,000 4508,98 41,675 .10307-01  8967,64 1.5066
,4575003-02 +31113551-02 +8162275-01 1 9252623-20 «4416669-03 «1488359-03
£143945~03
:9189660-02 =,1274014"01 +1216713+04 +9324079-90 -~,5188793+08 +4020924+08
MASS FLOW POINT 58 = 415450402  AReA RATIO = +1914+01 ,
{.RC 10D R X MACK  THETA T (DEG.R) P (Psl)  DENSITY VELOCITY CF
, AR H W2 H20 N2 0
' €2 }
AA ]:) GAMMA CP(BTU/LBR) SUM Clenl Ves2/2
5% 3 B949 48033  1.204 «951 5668,06 130,839 W30637-01 5869,35 0000
! ,4758002-02 - .26374667-02 »2851504-01 ,8823969-00 ,4593335-03 +6120345-02

«.274103784n8 »97224483¢+08

325,567 2
16776903~02

+1803041-05
[sp 1)
OH

1-8UM (1)

.000 O
+5802866-01

+1311302-05

000 3
¢4284111-01

,1370907-05
.000 3
07134409-01

+1206994~05
000 O
06683662‘01

,000 2
16666583-01

11356006~05

000 2
«8029219-02

11773238-05
326,134 2

6697647702

+1803041-05
.000- 2
06646206-01

01356006°05
«000 2
2 7947568-02

v1773238-05
326,697 2
+6619218-02

«1803041-05

IsP 18]
OM

1-5uM C(1)
000 O
+5802866-01

.1311302~05%

20NE
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§9-4

55

55 -

55

55

55

55

5%

55

MASS FLOW POINT

LRC 1D

56

56

56

56

56

1

,4430000-02

64R26C6~-01
1.:9945

4850000702

+2093340-02

.1487128-02

1,31174 1.800
+1483321-02

+2713945-08

+1165994-01 +8408351-00

13.354 5314.24
+1160002-01

49.075
+84114548-00

,4758002-02 «9079732~00 14593335-03 13802248-02
«1164013~01 ' . _
,52260%5-01  =.7248310-01 +1199924+01 +8248324~00 ~-,3874028+08 ¢39345664+08
66193 ,94357  1.665 12,474 5410.67 62,127 ,17564~01  7372,34 0000
.4880000-02 +1620646-02 +1220206-01 +8320027~00 «4711111-03 «1087305-01
,6731722-0%
+99(06407-04  ~,8282976-04 +1196350+04 2737636200 ~,3636078+08 12717567408
1.02683 1,25419 1.782 13.431 5329.,74 - 50,¢78 .14622-01  7808.,14 0000
+4880000-02 +1496484-02 +1166574-04 840127500 WA711134-03 19925585«02
,6499666-01
1.05010 1,27250 1.789 43.463 5324,80 50,455 .14488-01 7829,58 .0000
.48850U0~-02 .1492793-02 +1164560-01 +B404264-00 «4741111-03 «9894191-02
.64 33079-01%
,2798774~04  ~-.3904129-01% 11195739404 .7355842-00 =.5226715+08 13065113408
1.,05010 1.27250 1.769 13,463 4639,31 50,455 ,12042-01  8568,70 .0000
+4575003~02 »1221442~02 +6160150-01 +923827¢-00 14916669-03 ¢1917100-03
, 272979803 .
,1178440~01  =-.15508147-01 +1215457+04 «9379339-00 =-,4832252+08 +3660417+08
1.38955 1,58548 1.886 15,000 4499,53 41,120 .10191-01 8995.,66 11,5092
. 4575003-02 »1107164-Q2 +6162382~01 «9253509-00 ,4416669-03 11463820~03
,2115715-03 , :
.96483/8-02 ~,1254787-0% 01216811401 .9%19962-00 ~.5213956+08 + 4046095408
1.05477  1,29204 ° 1.794 13,406 5319.82 49,014 ,14349-01  7853.78  ,0000
.4580003—02 .1488079-02 +1162340-01. ,8407847~00 W4711111-03 +9855542-02
.6434487-01
,2810281+0% -.3917924~04 «1195726+01 +735459<-00 -,5247862+408 230682521408
1.05477  1,29204 1.773 13,406 4631.82 49,614 ,11932-01  8591,11  .0000
,4575003~02 .1214366~03 +6160294-01 ,9239205-00 ,4416669-03 +1887765-03
,26500/8-03
Ji1566370-04 -~.1533821-01 +1215525+01 +9376232~00 ~-,4853189+08 «3690357+08
1,39565 1,60825 1.894 15.000 4489,97 40,565 ,10076-01  9023.80 1.5118
,4575003-02 +1100899-02 +6162483-01 + 925438400 ,4416669-03 +1439811-03
,2083208-03
,9917430-02  ~.1236631-0% «1216911+01 ,9315795-00 =,5239303+08 14071449408
59 = +15524402  ARczA RATIO = 11948401
R - X MAGH THETA T (DEG.R) P (Psl)  DENSITY VELOCITY CF
ég H H2 H20 N2 ' o
AA B8 _ GAMMA cP(BTU/LB) SUM CleH! Vse2/2
06712 ,48203  1.204 . 715 5668,06 130,839 ,30637-01  5869,35 0000
1475800202 +2637667-02 +2851504~01 +8823969-00 «4593335-03 +6120145-02
,1708295-01 .
,7488028-0%  =.1065747%090 11200649401 +B8348638~00 ~,2741878+08 11722461+08
66915 ,97596  1.718  12.642 5257.94 59,093 ,15386-01  7997,30  .0000
1475800202 .2069968-02 »2708182-01 «9090582~00 1 4593335~03 «3711667-02
.1140c888-01
.5026642-01  -.6962864~01 ,1199917+01 .824327¢-00 -,3933273+08 +3197839+08
(06915 ,97596  1.686 12.642 53%94.,26 59,993 ,17025-01  7449.48 . 0000
«4880000-~02 .1603811-02 11212412-01 .8332128-00 1 4711111-03 +1073587-014
W67G2474-0%
,5687010~-04 -.7968080~01 v 11946293+0% W7372582-00 - ,3692710+08 v2774739+08
1.23606 1,29003  1.794 13.308 5319.46 49,412 .14348-01  7851.,67 ,0000

«4714111-03 +9849095-02

.14210-01
' 4711111-03

7874.00 .0090
19816611-02

14213293-04

+1370907-05
+000 3
+7063202-01

01206994-~05
000 O
+16643570~01

,000 2
«6625713-04

+1356006-05
(000 2
+7866390-02

" +1773238-05

327.258 2

06541753‘02

+1803041-05
000 2
16605098~01

+1370807-05
.000 2
+7785%975-02

+1788439-05

327,815 2

16465122-02
21817942~05

1sP 17
OH

1-suM C(1)
+000 O
«5802866-~01

+1311302-05
.000 3
+4145076-01

01385808’05
000 3

¢6994635~-01

11206994~05
000 O
v 6603033-01

.000 2
16584382-04

20N
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{

o

56 5

56 4

56 -4

56 5

MASS FLOW POINT

LRC ID

57 ¢

57 4

57 4

57 6

57 4
57 4

57 5

.4575003-02

" §$35583339 FINAL EXECUTION TIME THIS CASE =

H

i

%
N

,9240128-10

Al

+1207334-02 +6460433-01 .4416669-03 .1858808-03
«2650856-03 _
,1153421-03  ~.1515941-01 +1215593+04 «937310p-00 -,4874193+08 +3711364+08
1.40179  1,63117  3.902 13,000 4480.47 40.02) ,99622-02  9051.68 1,5144
14975003-02 .1094692-02 +6162585-01 :92595247-10 14416669-03 11416240-03
.2051245-03 : ’
,9375853-02  ~,1217343-01 +1217p11+404 09311635-30  ~,5264489+08 14096645+08
1.06411 1,33141  1.80% 13,301 5308,87 48,537 .14072-014  7896,37 .0000
,4880000~02 ©1478593-02 +1157660-01 +8415077-30 «4711111-03 197777%4~-Q2
26467135-01 .
,2824184-01 =.3934044-01 +1195702+01 »7352058-30 ~,5290586+08 +3117632+08
1,06411 1,33141  1.788  §3,301 4616,66 48,537 ,11713-01  8640.0%9 .0000
,4575003-02 +1200417-02 +6160574-01 +9241042-90 .4416669-03 +1830432-03
2612450-03
'1142061-01  =.1499811-01 +1215663+01 «9369917-10  ~-,4695387+08 ¢3732559+108
1.40795  1,65413 1.910 15.000 4470.86 39,473 .98489-02  9079.67 1.5169
,4575003-02 .108863102 16162682~01 »9256101~30 14416669-03 +1393187-03
+2019994-03 . C
,9229977-02  ~.1198671-01 11217114+04 .9307415-10 ~-,5289859+08 14122024408
60 s 115577402 ARZA RATIO = 041932+04
R X MACH THETA T (DEG.R) P (Psl)  DENSITY VELOCITY CF
ER H W2 H20 N2 0
2 i :
AA 88 GAMMA . CP(BTU/LB) suM ClsHI Vae2/2
04474 ,48325  1.204 +478 5668,.06- 130.839 .30637-01  5869.35 ,0000
.4758002-02 12637667-02 1285150401 -  .B823969-00 ,4593335~03 16120145-02
W17238295-0%
,7488028-0% =,1065767+00 11200649401 +8348638-00 ~,2741878+08 11722461+08
(67652  1,.00867 41.737 42,768 524059 58,p14 .14937-01 8972.58 ,0000
e4lsagog-oz .2047318~02 «2702667-014 +9100997-00 14593335-03 +3625012-02
- 4111850 ~01
(4815935-01  =.6663086-01 +119990%+01 ,8238424-00 =~,3989775+08 »3258329+08
.67692  1,00867 1.705 12.768 5378.70 58,014 .16523-01  7522.52 .0000
.4880000-02 +1587527-02 +1204880-01 +8343789-00 ,4711111-03 .1060395-01
,6673832-01
,5452747-04  =.7633160-04% 01196236401 ,7368969-30  -,3746797+08 +2829414+08
1.04526 1,32912 1.8068 13.192 5308,99 48,553 ,14076-01  7895.54  .0000
. 4880000-02 .1477750~02 +1157373-04 »B8415488-30 ,4711111-03 197723106-02
,6465432-04
1.0687/9  1.35123 1.813 §3.252 5303.51 48,002 .13934-01  7918,74  .0000
.48ECOU0-02 «1473822-02 +1155301-01 +8418719-30 (4711111-03 +9738715-02
,64583/8-01
\2826974-01  =.3936766-01 v1195690+04 «7350777-00 ~,5312146+08 +3135322+08
1.06879  4,35123 1.799 33,252 4608.99 48,002 .11604-01 8664,65 0000
+4575003~02 «1193545=02 16160714-01 +3241949-~00 «4416669~03 11802423-03
12574524-03 : :
«1129349-g1  =.1482265-01 21215734401 09366714-00  ~,4916629+08 +3753805+08
1.41414  1,67725 1.918 5.000 4464.30 38,945 L,97374~02  9107.3% 1.5194
+4575003-02 .10825931-02 +6162779-01 19256942~00 . 4416669-03 +1370570-03
«19£9280-03
+9095026-02  =~.1179045-04 v1217217+404 19303204-00 -,5315055+08

04147229+08

4.772  (MIN) SSSSS3SSSS

+7706055-02

328,371 2
16389502~02

+1817942-05
.000 2
16563552-01

+1370907~05
000 2
.7626892-02

+1788139~-05
328,923 2
.+6314711-02

+1817942~05

- JsP 17
OM

i~sUM C(1)
.000 O

+5802866-01

e1311302-05%
.000 3

«4079707-01

.1385808-05
,000 3
+6925018~01

,1206994-05

000 O
16562075~01

+000 2
+6542634-04

+1370907-05
000
+7548236+02

+1788139-05
329,473 2 .
,6240967-02

21832843-05

20NE
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7.3

SAMPLE “CASE FUNGH

3 20nE TDK TEST CASE,LOX/GH2

X17480 1)z =,20718+01,
X1788( 2)= =42p108%0])
X17a8(  3)s  ~,]938d4g]1e
XITaB( 4)3 ~.186p7%g]
XITugl 5S5)1= we)785T7¢U)
X{Tadl ©6)= <«41T7100¢G1,
X[TaB( 7)= =4)0356%01,
XITAS( B)= =,150020]»
XITAaB( 9)= '014855‘01v
XITab( 160 = slelpetqgle
X1T748¢ 1 )= =, 3386V
xivaw( 1b)= -e126(G3+01
XITaB; 13y= =e11853%01,
c XITAB( 1433 =ell1l02%01°
X[lagl 1812 <=.lU3geesuls
XIvas( 163 =ev0015=00,
X1Tad( 17;= =e88310=00,
XI1TAB( 18)= =aBj006=00¢
X[rag( 19)= --73501‘000
XITAB( ¢0)= =,65996=00.
XI1Tap( 21)% =e584C1-G0,
X1Tas( 22)3 =e50987=g¢
XiTagl 2303 =e43432=V0
X1To8( ¢ga)z =,39977=00,
X1TaB( 25915 «.28472=00+
X1Tap( 26)= =.20967=00+
XITABL 27)= =¢13963=000
X1Tas( 28)= 200000 ’
X174a8B¢ 29)= «leb43~01
X1Tab( 2¢)= 0 29693=01,
Xiras( 31)= » 3922001
XiTad( 32)= e22723=01
X1TaB¢ 33)= 2 6DBGD=(]
X{Tab( 34)= e Byupd=ylo
Xi1Tagl 335)+= 29400701
x11AB( 3b)= «10900+00
X1Tab( 37> «1¢377+0¢,
XI1TAB( 3&)= e 13875-00,
XITust 39)= 1240100
XIT&B( «0)= e 16956=00
X1TaB( «1)= e JBDGL~(0»
X[Te8( w2)= 220159800,
X1Tadg( 4318 2180700
XITAB( o6 = ¢234930-00.
XITap( #5)= 0 25822=00
X]Tap( «46)= «27/506=00,
X1Tapl o7)= «33983=00
X1TaB( 4a)= e 40399-00
X1TABt 49)= s44710-00
XTITAE( 50)= «42071=00
X1Tag¢ S1)= «53930=00
X1Tavl g2)= ¢57169=00,
X1TABL 53)= «51099-00,
XITAB{ S54y= 205486=00,
X1TAae( $5)= e69289=00)
X17aB( s56)= «T5089=0(
X11888 57)= eBU1T73=00,
X]TAH( 58)= oB4T38=00.
X1Ta8( 59)= «BBBE] =)
X17aBt 60)= 0 92629-u0.
XTTAH( bl)= e 960630-00,
X{Tat( 62)= «lUGED+YLa
X11ag( 63)= e10672+01
XITABL 64)= 010882‘010
X{Tag( b5)= e112995+01,
X1TAB( 66)= «11711+01
X[Tagl 67)= «12130+01
XITAB{ 6H)= 12954401
X{TAd{ 69)= e12981+01
X1TAab( 70)= «13412+01
XiTan( 71)= el3847+01,
X1Tapnt 72)= e lézZBbe01
XtTeuvl 73)= «16T29+01
X1Tab( 74)= el9176201,
XITAag( 79)= e19627+91 .
XITAB( 76)= e16y8leule
A[Tapt 77)= 01656001,
X1TAd( 7B)= s106771+%ulo

YITAG{
Y1TAB(
YITAG(
YITAB
YIitanet
YITAB(
YITAB
YITABi
YITAR(
Yivan(
YITaR(
YITAR(
YITAB(
YIitTas(
YITARI
YITAB(
YITAB
YITAB(
Yitagl
YITAB(
YITAH
YITAR(
YiTAgt
vyivAs(
YITag
YITAR(
YITAH(
YITAB(
YITAB
Yiras(
YiTast
YIitast
YITAB(
YITAB(
Yitasd
YITAR(
YITAY ¢
YITAB(
YIiTAB(
vyItaAg(
YllIAG(
Yivasdt
Yirtaal
YITau(
YITAB(
Y1TAHY
YITAB(
YITAB(
YITAR(
YITAR(
YITABTL
YITAB(
Yyitaslt
YITAB(
YITABL
YITABL
YiTAR{
YITAB(
YIiTAR(
YITAB(
yITAB(
YITAH(
YITAH(
YITAB(
YITAB(
YITAR(
YITAB(
YITAB(
YIvAB (L
YITAB(
YITAB(
YITAB(
YITAR(
Y{TAR{
YITABRI(
YITAu(
YITABL
YitTAg(

N Nret bt st 3o

T0)=
71)=
72)=
73 =
Ta)=
79)=
Te)=
)=
78)=

-

«173214+01,
«17311*01>
e17274%q}
017209°010
e17115¢071
«16992401
«16839+01
e166564+01
ulb“ka‘olo
216195%1
. 5915*01!
'}stO‘OIO
+15248+91,
015857001'
e14430+01
+139%0+01
-13503‘01'
|l3130‘01!
012697‘01'
12253401,
«11830401,
$11397%q1>
«10995+01
010670401
«10414+01,
«10222401
«10091+07
«10000+01
«10001¢01
«10003+01
«10008+0)
«10V1a401
olOOZf‘Ol'
°10032%01*
«100,5+01»
+10060+01
«10077+01,
010097‘01!
010119¢071
210145401
«10173+01
+10205+01
102414010
«10280+01
010339‘01’
«10334+01,
.10558*01,
«10730+01
«10B45¢01
+ 10952201
+11092+01
alll?g’olt
011284‘01'
+11401+01,
«1150644+01>
«11953+01
«11795401
«119184+91,
«12223%01
«12129+01>
« 12236401
e12364+01
«12453+01
«12563401
e12674+Q1
«12785+01)
12898401
e13011%01
+13126%91
213241401
¢13308+01
'13“75001’
01359“‘01'
«137146401
+13334¢01
+139564010
«14073401
slalalegly

PITAB(
PITAB(
PITAB(
PITABY{
PITAR(
PITAB(
PITAB

PITAB

PITABY¢
PITABY¢
PITAR(
pITAB(
P1TAB

PITAdi
PITAR(
pl1a8¢
PITAB(

PITAB(

PITAB(
pITAB(
PITAB(
PITAB(
PITABIL
PITABY
PITAH ¢
PITAB(
PITAB(
PITAB(
PITAB ¢
PITAB(
PITAB(
PITAR(
PITAR ¢
PITAS(
PITABI
pitas(
PITABy
PITAS ¢
PITAB(
plrag(
PlYAB({(
PITAB(
PITaB(
PITAB(
PITAB(
PITAB
PITAB(
PITAB(
PITABY
PITAB(
PITAB(
PITAB(
PITAR(
PITAB(
PITAB(
pPITAB !
PITAB(
PITAB ¢
PITAB(
PITAR(
PITAB(
PITARY
PITAB(
PITAR(
pITARY
PITAB( .
PITAB(
PITAG(
PITAB(
PITAB(
PITAR{
PITAB(
PITAR(
PITAER(L
PITAB(
PITAR(
PITAB(
PITABL

[ T TS T I T T FO T T S (I I T 1}

W uns

58) =
59)=
60)=
6l)=
62)=
63)=
b4)=
69)=
66) =
67)=
68) =
69)=
70)=
Ti)=
72)=
73)=
Ta) =
7%)=
T76)=
7=
78)=

0 97659-00,
¢e97692=009
097629‘009
«97686= ’
097523'880
e976¢37=00+
+97325=00,
$97182~00
*97g02"00°*
-96776"080
096490-00
+96128-00,
095603-00’
295957=00g
094316-00,
.93420“00'
092326‘00{
090969=00
¢89256=00
.870“0‘000
+84080-00,
*Bp526=00"
+ 76587=00,
2 72296=00
-67690'00!
«52837-00,.
«57806=00
e48459=00y
24766%9-00,
e 4645100,
«45409=00,
044343-000
«43254=00
242146=g0
041018-00)
«39871=00
«38706-00,
«37524-01,
3632500
«35111-00,
«33882-00,
+32639~00
¢31385-00
«30119-00,
028381‘001
e28078~00,
e27736~00
e27356-00,
2 27055=00,
e 26714009
«26302=00+
026011"00’
025647-00,
«25222=00,
024834=00
e242064=00
e236062=-00,
«23174=00.,
+22741=00
v22290=000
e 2182800,
e21359=00»
«20888=00
«20414=00
+19941-00,
¢19470-00,
«19001~00,
+18%35=90
«18g74=00>»
«17618-00,
«17168-00,
+16725=00
016288-00,
¢19899-00
015439-00,
01502600,
214623~00,
014424-00,
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8, ERROR DIAGNOSTICS

8.1 DISCUSSION OF PROGRAM USAGE

Error diagnostics* are printed by the program when it has either found an
input card error or is unable to continue with its computations because it has
obtained an impossible result. The analysis performed by the computer program
is limited by the physical assumptions used in its development and by the num-
erical methods used, Consequently, an understanding of these assumptions and
of the numerical methods that have been applied is necessary in order to correctly
run cases using the computer program. Although the computer program contains
many error diagnostics, it is not possible to diagnose all errors.

Input values given for the sample case (see Section7) can be used as a
guide in preparing data for similar calculations. Special care must be taken,
however, to avoid input errors of the type given below:

8.1.1 The computer program will not give valid results if the input kinetic reaction
rate parameters are unrealistic. A common mistake is to input an implied third
body reaction rate backwards; which gives a very large error. Tables 6-10 and
6~11 can be used as guide in preparing reaction rate data. It should be remem-
bered that the computer program automatically calculates equilibrium constants
from the input JANAF thermochemical data.

8.1.2 The computer program does not have the ability to calculate kinetic flow
containing solid phase products. For example, if the program input is such that
solid carbon is formed, then no kinetic calculation is possible.

8.1.3 A common mistake in using the computer pfogram is to inpﬁt inlet and throat
geometry parameters that are physically impossible when compared with Figure 6-1.

13

8.1.4A value RWTU < .5 should be used because of inaccuracles which can occur

as a result of the transonic method of solution, 8)

*Error diagnostics can also be given by the computer systems subroutines. These
vary with the operating system and are not discussed here.



B

8.1.5For some chemical systems (e.g. H-F) it is possible that the two-dimen-
sional throat Mach number will be subsonic as a result of the kinetic process,

In this case the initial data line can be displaced downstream, incfeasing the
Mach number, by use of the input parameter ALI (see Section 6.6.1). If ALI

is input greater than zero, a symmetric throat is required and it is necessary that
RWTD be set to the same value as RWTU, ‘

8.1.6An important consideration in preparing data for all but JDE calculations
concerns input of the nozzle wall, The derivative of the wall contour has an im-
portavnt effect on the nozzle flow field and it is required that wall derivatives
vary slowly with respect to the local characteristic inesh spacing. In this re-
spect the TDK program is no different than any other method of characteristics
calculation. The TDK ' program is unable to calculate shock waves so that rapid
compression of the nozzle wall must be avoided. Usually the most satisfactory
method of specifying a nozzle wall contour is through the use of the spline {it
contour option (IWALL=4). Too many points should not be input when using this
option since a bad derivative could result. Never place points close together.
Although the initial section of the contour is assumed to be a circular arc, a
small value of THJ can be used if necessary.

In case of difficulty with the method of characteristics calculations, a use-
ful procedure is to plot the (r,x) coordinates of mesh points in the region of
difficulty. A plot of this type will frequently locate the cause of the problem. -
For this purpose it is necessary to print each calculated mesh point (i.e. N1=1
and N2=1),
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8.2 LISTING OF ERROR DIAGNOSTICS

Errors printed by the program are listed in Table 8-1 in alphabetic order.
Error diagnostics consist of two types: fatal errors and nonfatal errors. A fatal

error will terminate the case being executed and the program will proceed to the

‘next case. A nonfatal error serves only as a warning and the program will con-

tinue the case. If the error diagnostic is of the nonfatal type the symbol (NF)
appears in the explanation. In processing input data cards the program will
attempt to find as many input card errors as possible before terminating the case.
When the discussion presented in Section 8.1 could apply to the error, the per-
tinent sub-section number appears in the explanation. The subroutine printing

the error message is also listed in Table 8-1.
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TABLE 8-~1;

DIAGNOSTIC

ABOVE CARD IGNORED

ABOVE DIRECTIVE IGNORED

ALL REACTION RATE RATIOS INPUT AS 1,0

AN IMPROPER INITIAL LINE POINT IS SOUGHT
BAD PROBLEM CARD-ILLEGAL OPTION OR NO
OPTION SPECIFIED, LOOK FOR POSSIBLE CAUSE
AT OR AROUND COLUMN

CALCULATIONS WERE STOPPED BECAUSE NEXT
POINT IS MORE THAN 50 DEG. BELOW TEMP,
RANGE OF A CONDENSED SPECIES

CONDENSED REACTANTS NOT PERMITTED IN
DETN OR SHOCK PROBLEMS

CONSERVATION EQNS WERE NOT SATISFIED IN
- 8 ITERATIONS

COULD NOT LOCATE PRES FOR ZONE
AND POINT IN DK GENERATED TRANSCNIC
TABLES

DID NOT CONVERGE FOR AREA RATIO=

DID NOT CONVERGE FOR Ul= ANSWERS
PROBABLY NOT RELIABLE SOLUTION MAY NOT
EXIST

DID NOT CONVERGE ON ELECTRON BALANCE

ERROR DIAGNOSTICS

EXPLANATION OR POSSIBLE SUBROUTINE
CORRECTIVE ACTION

(NF) Check this input card. REAXIN
(NF) Check this input card. DRIVER
(NF) Informative, no action necessary. PACK
Check input of nozzle throat geometry, ERRORZ
Self explanatory-correct problem card., PR@BLM
(NF)JZLE frozen calculation can not be con- RZCKET
tinued. No action required,
Cnly geseous reactants are permitted (see ZDES
Ref. 9, pg. 70).
On detcnation option convergence is usually DET@N
obtained in 3 or 4 iterations (see Ref. 9, pg 70).
Check nozzle throat geometry and the initial GETIL
line flow MACH number,
(NF) Tha area ratic is probably too close to 1.0 RZCKET
the usual number of iterations is less than 6.
Here it exceeded 10. (see Ref, 9, pg. 71).
Ul was probably less than the minimum value re- SHCK
quired for shock to occur (see Ref, 9, pg. 71).
Check input charge balance. EQLBRM



DIAGNOSTIC :

SINGULAR MATRIX

SPECIES
SET

IN REAX SET BUT NOT IN SPECIES
SPECIES NAME TOO LONG
SPECIES NO. NOT CONTAINED IN

MASTER EQUILIBRIUM SPECIES TABLE
SPECIES NOT IN SPECIES LIST

SPECIES NOT ON THERM{ TAPE
SPECIES REQUIRES ELEMENT

THIS ELEMENT IS NOT IN ELEMENT TABLE

SUM OF INPUT SPECIES CONCENTRATIONS
FOR ABOVE POINTS NOT ONE

SUM OF MOLE FRACTIONS OF SELECTED
SPECIES NOT ONE, THEIR SUM IS=

TEMPERATURE IS OUT OF RANGE OF THE THERM{
DATA

THE CALCULATION FOR THE LAST POINT EX-
CEEDED MAXIM UM ITERATIONS

THE FOLLOWING CARD WAS IGNORED

k S

i,

beyond TL@W/1,5>T>1,25% THIGH., Results
may be inaccurate (see Ref. 9, pg. 73).

Check MOC output to see if run is in error, If no
input errors are found and run is to be continued
either increase IMAX and/or set IMAXF=0 (see
6.7.3, also 8,1.6).

(l\fP) Chack this card for error,

:'b'g‘
/

L

EXPLANATION OR POSSIBLE SUBROUTINE
CORRECTIVE ACTION

Assign a slightly modified equivalénce ratio or EQLBRM
O/F ratio (see Ref, 9, pg. 73).
Self explanatory,. check input. REAXIN
Only 12 characters are allowed in a species REAXIN
name, check input.
Chéck reaction species names against thermo- SELECT
dynamic data species names.
Check species named on reaction cards and REAXIN
correct.
Check reaction species names against thermo- PACK
dynamic data species names,
Check input‘for misspelled species or element PACK
name,
If problem is TDK(LFINL), check input (see sec- ERR@RZ
tion 6.8.2).

- See detailed discussion in section 6.5.3.4. SELECT
Converced temperature for a shock problem is SHCK

ERRZRZ

REAXIN
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DIAGNOSTICS

THE LRC INSERTION TABLE HAS OVERFLOWED

THE MAXIMUM NO, OF POINTS FOR A LRC HAS
BEEN EXCEEDED

THE PROGRAM IS ATTEMPTING TO INSERT AN
EXCESSIVE NUMBER OF FLOWTFIELD POINTS

THE PROGRAM IS ATTEMPTING TO LOCATE A
WALL POINT UPSTREAM OF THE 1ST POINT IN
THE WALL TABLE

THE PROGRAM IS UNABLE TO LOCATE POINT 1
IN SUBROUTINE DSPT

THE PROGRAM IS UNABLE TO LOCATE POINT 1
IN SUBROUTINE INPT

THE TEMPERATURE= ~ IS OUT OF RANGE FOR
P

THIRD BODY REAX RATE RATIOS BEFORE END OF
REAX -

THREE PHASES OF A CONDENSED SPECIES ARE
OUT OF ORDER

TRY REMOVING CONDENSED SPECIES

 UNABLE TO ROOT X(I) FOR CONSTANT PRESSURE

INITIAL LINE, I=
P=

e )

. R(D)= ¢ X= :

EXPLANATION OR POSSIBLE SUBROUTINE
CORRECTIVE ACTION
The calzulation has inserted more than 20 left ERR@RZ

running characteristics. Try more points on the
initial line (see section 6.6), :

More than 151 points are on the initial data line,

ERRGRZ

Reduce by modifying STRANS input (see section 6,6).

Probable cause is too few points on the initial
line upstream of the region being computed. Try
more points or a redistirbution of points on the
intital line (see section 6,.6). '

Check input of intial line (see section 6.6) and
nozzle wall (see section 6.7.1).

Check input to be sure a value given in XM is not
too smell, If XM value is < .05, eliminate this
zone and adjust mixture ratios,

See section 8.1.6, All STRANS and $TDK input
should e checked.

Converced temperature input on card following
THERM(¢Z card is beyond the allowed range:
TLGW/1,5>T>1,25*THIGH (see Ref. 9, pg. 73).

LAST REAX card was left out,
in reaction order,

Check for a mistake

THERM({J data for condensed species must be in
either increasing or decreasing order depending
on their temperature intervals (see Table 6-2),

Use @GNMIT cards on trace condensed species,

Check $TRANS input, especially the XM values.
(see section 6.1,1).

ERR@RZ

ERRZRZ

ERR@RZ

ERR@ZRZ

EQLBRM

REAXIN

EQLBRM

EQLBRM

TRAN



DIAGNOSTIC '

DIMENSIONS IN/SPECIES/TOO SMALL TO CON-
SIDER :

ENTIRE TRANSONIC TABLE FILE HAS BEEN READ
EP NOT REACEED
ERR@ZR DETECTED DURING TRANSONIC CALC

ERRZR DETECTED DURING INPUT PROCESSING
ERRZR DURING LOW T THERMO EVAL, T=

ERR@ZR DURING REAX PARAMETER PROCESSING
ERR@R FROM BANDI____ DIAGONAL ELEMENT RE-
'DUCED TO ZERO

ERR@ZR IN ABOVE CARD., CONTENTS IGNORED

ERR@R IN ORDER OF CARDS FOR

ERR@ZR IN REACTANT CARDS

ERR@ZR ON PROBLEM CARD-FOR ‘
OPTION, NZ@NES MUST BE 1-WAS INPUT AS

EXIT PLANE OPTION REQUIRES GREATER WALL
EXTENSION

\ i
N S

EXPLANATION OR POSSIBLE
CORRECTIVE ACTION

Too many species are possible for the system
being input. Use OMIT cards or recompile pro-
gram dimensions.

Occurs while constructing initial line for the
method of characteristics., Check throat
geometry.

Refer to section 6.5.3.1 and discussion of EP

Program can not calculate initial data line for
method of characteristics, check XM values.

Check input for bad reaction card.

Low temperature out of range, Check L(Z’W T
CPHS frput if used (see section 6.1.1),

Check input for bad reaction card,

Multi zone transonic calculation is in error,
Check for bad input mass flow fraction, XM,
section 6,6,

A card is5 missing, extraneous, or in error (see
Ref, 9, pg. 71).

THERMGf data cards for this species are out of
order (see Ref, 9, pg. 71).

Chemiczl 'symbol not left~justified, or not in-
cluded in BLCK DATA program (see Ref.9, pg.
71).,

Self explanatory, check input,

Check nozzle wall input, section 6.7

/
o

STTTEOUTINE

SEARCH

GETIL

MAIN1D

TRAN

REAXIN

THERM

REAXIN

TRAN

@DES

TTAPE

FDES

PRZBLM

CNTRL



DIAGNOSTIC . EXPLANATION OR POSSIBLE SUBROUTINE
CORRECTIVE ACTION

FATAL ERR@R ENCOUNTERED WHILE PROCESSING Correct bad problem card, DRIVER
PROBLEM CARD-PROCESSED TO NEXT CASE

*FIND* VAR OUTSIDE TABLE Interpolation was requested outside of the range FIND
- of the input tables. Check input tables for range
of independent variable,

FR@ZEN DID NOT CONVERGE IN 8 ITERATIONS @DE could not converge in frozen calculations. FR@ZE!L
' If desired add more area and/or pressure ratios
(see Ref, 9, pg. 71),

INCOMPLETE TDK INITIAL LINE HAS BEEN GEN- Check $TRANS input, section 6.6, ERR@ZRZ
ERATED _
INERT NOT IN MASTER SPECIES TABLE Species not in thermo file, check species name SELECT

and corect,

INERTS FOUND IN TDK PROBLEM, INERTS NOT See section 6,5.3.4 for explanation of species SELECT
SPECIFIED, CAN NOT USE RELATIVE SELECTION  selection.
CRITERION FOR TDK CASE

INLET GEOMETRY INCOMPATIBLE WITH INITIAL  VEC <1+(R +R) (1-cosf ) see 8.1.3 and 5.4.17 PRES
CONDITIONS ! 1

35 ITERATIONS DID NOT SATISFY CONVERGENCE Check output for cause of non-convergence, If EQLBRM
REQUIREMENTS FOR THE POINT not obvious, re-run with intermidiate output (see
Ref, 9, pg. 73).

KIN EXPN CODE DIMENSIONED FOR MAX, OF 40 More than 40 species found. Check input SELECT

SPECIES, CURRENT CASE USES

LOW T THERMO EXTENSION AT T= DEG-K (NF) LW T CPHS input is bemg used, section THERM
6.1.1,

LOW TEMPERATURE IMPLIES CONDENSED An important condensed species has been omitted EQLBRM

SPECIES SHOULD HAVE BEEN INCLUDED ON AN  causing unrealistically low combustion tempera-

INSERT CARD, RESTART ture (see Ref, 9, pg. 72).

MASS FRACTION SUM NOT 1 ll—zci‘ < .01 the DK output subroutine has de- @UTPUT

. :
RSN A T T e e b e e Rt L DTN
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DIAGNOSTIC
MASS OR MOLE FRACTIONS NOT SPECIFIED,
MASS FRACTIONS ASSUMED
MAX, CHAR LOOKING FOR,
MAX, SAVED SPECIES EXCEEDED

MAX, SPECIES EXCEEDED FOR TBR RATIOS
MORE THAN 12 CHARACTERS SPECIFIED FOR AN
INERT SPECIES NAME

NE DID NOT CONVERGE

N@ ECRAT SPECIFIED FOR @DK START-RUN

ABORTED

N@ MORE THAN 151 POINTS MAY BE INPUT ON
INITIAL LINE

N@ $@DE VALUE GIVEN FOR OF, EQRAT, FA, O
FPCT |

NON-NUMERIC ENCOUNTERED IN ECNV WHILE
DECODING. . .

NOZZLE PWZS COORDINATES NOT MONOTONIC
INCREASING AT PT

NUMBER OF SPECIES IN REACTIONS TOO LARGE
MUST REDIMENSION ITABLE AND RESET MAXTAB

‘ 3 ’
{ ’ . ,
i /
“ P .
T .,.««-"/

SUBROUTINE

EXPLANATION OR POSSIBLE
CCRRECTIVE ACTION
(NF) Informative - mass or mole fractions not REAXIN

specified on species card.

Check reaction cards for requirecd ending comma, REAXIN
More than 40 species requested. Eliminate those REAXIN
of least importance, :

The maximum of 2000 third bedy reaction rate REAXIN
ratios has been exceeded (see section 6.5.2.8).

Check inert species names (sec section 6.5.2.7). REAXIN

Unable to find an expansion coefficient, N, when PRES

1
generating @DK pressure teble (see saction 5.4.17)

Initial contraction ratio must be input (see section @DES
5.4,17).

Check input initial line and modify for 151 or less ERR@RZ
points,

Input the desired value as true in $@DE, @DES
Fatal error,correct bad number in data field. ECNV
Check input of nozzle wall and correct error (see PACK
section 6,5.3.1),

The DK program allows only 10 reactants or pro- REAXIN

ducts per reaction, If possible rewrite reaction

in steps, If program is to be modified to allow more,
ITABLE must be redimensioned, and MAXTAB increased
from 10,



oy

DIAGNOSTIC = EXPLANATION OR POSSIBLE : SUBROUTINE
CORRECTIVE ACTION

NUMBER OF SPECIES TOO LARGE FOR TABLES, The DK program allows only 40 species per re- REAXIN
MUST REDIMENSION action. If possible omit unimportant species.

Check input, If program is to be modified to allow

more species various arrays must be redimensioned,

NUMBER OF TEMP VALUES OUTSIDE RANGE Temperature below range specified in LW T LTCPHS
CPHS input, section 6,1,.1.

NUMERIC EXPECTED, NOT FOUND Probable error on reaction card, further diagnos- REAXIN
tics will be printed.

NZ@NES IMPROPERLY SPECIFIED-BAD CHARACT- Check input problem card, PR@BLM
ER IN COLUMN '

PR@G NOT DIMENSIONED FOR POINTS AND  The ma<imum number of initial line points (151) XPIL
ZONES and/or mixture ratio zones (50) has been exceeded,

PTB ( ) = DID NOT CONVERGE Unable to calculate P/Pe vs. area table entry in PRES
: @DK, 3ee 5.4.17.

REACTANT IS NOT IN THERM@DATA Enthalpy can be computed only for those reactants HCALC
included as reaction species in thermodynamic
data (see Ref. 9, pg. 72).

REACTANT TEMPERATURE OUT OF RANGE OF Assigned temperature is more than 20% beyond HCALC -
THERM@ DATA tempereture range over which thermodynamic data
have been fitted (see Ref, 9, pg. 72).

REACTION HAS MASS IMBALANCE OF - Fatal error: either stoichiometric coeffients do not PACK
match cr a reaction or molecular weight input in-
correctly in thermo data.

REACTION EXTENDS BEYOND CARD COL, 80 Ending comma left out of a'reaction card, REAXIN

SINGULARITY (NF) Numerical singularity in matrix solution of LESK,NESK
Ax=b, 3olution may be in error.
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